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I N T R O D U C T I O N .
A r is e  in  the b lood  fa t  during muscular 
ex erc ise  was f i r s t  described  in  1927 by PATTERSON 
( 1 9 2 7 ) ,  whose re s u lts  l e f t  no doubt as to  the r e a l i t y  
o f  the phenomenon. He showed d e f in i t e ly  that there 
i s  a r i s e  in  the b lood  fa t  a f t e r  prolonged muscular 
e x e rc ise , and that the b lood  fa t  returns to  i t s  
normal le v e l  a ft e r  a recovery  period  o f  about one 
hour. By observing the con cen tra tion  o f  the b lood  
corp u scles  b e fo re  and a fte r  e x e rc ise , he showed that 
the r is e  i s  r e a l ,  and not merely due to  concentration  
o f  the b lo o d . PATTERSON*S suggestion  that the r is e  
in  b lood  fa t  i s  a response to  the demand o f  the work* 
ing muscles f o r  f a t , a g r e e s  w ith the d iscov ery  o f 
LAFON (1913) that the b lood  lea v in g  a working 
muscle contains le s s  fa t  than the b lood  entering  i t .  
The phenomenon o f an a lte r a t io n  in  the l ip o id  content 
o f  the blood  during muscular e x e rc ise , appears to  be 
o f  importance not on ly from the p o in t o f  view o f 
b lood  chem istry, but a lso  on account o f  the con tro­
versy  which has arisen  as to  whether muscle i s  
capable o f  u t i l i s in g  fa t  as a source o f  energy. The 
o r ig in a l experim ental work which w i l l  be described
w  ■
in  th is  th e s is , was undertaken to  extend the work o f  
PATTERSON by e lu c id a tin g  the source and nature o f  J 
the extra fa t  which appears in  the b lood , the cause 
o f  i t s  appearanoe, and the re la t io n s h ip s  between the 
ra te  o f  u t i l i s a t io n  o f  fa t  and i t s  le v e l  in  the 
b lood .
In order to  c o r r e la te  the changes in  the 
com position  o f  the b lood  w ith the u t i l i s a t io n  o f  
fa t  in  muscular e x e rc ise , i t  was found necessary to  
fo l lo w  the complete metabolism during the period  
o f  ex e rc ise  and recov ery . Consequently two se r ie s  
o f  data were obtained -  the one d ea lin g  with the 
m etabolic p rocesses going on in  the whole body as 
observed by measurement o f  the resp ira to ry  exchange, 
and the other with changes occu rrin g  in  the 
chem istry o f  the b lood  with p a r t icu la r  re fe ren ce  to  
the l ip o id  con stitu en ts .
With the exception  o f  PATTERSON13 work 
which has already been mentioned, there i s  no r e fe r ­
ence in  the l it e r a tu r e  work having a bearing 
upon the second s e r ie s  o f  data. With regard however 
to  the f i r s t  s e r ie s  o f  data, a la rg e  amount o f  work 
has already been done, and as an in trod u ction  to  
our work, we propose to  review  b r i e f l y ,  the l i t e r a ­
ture bearing on our problem .
3.
We s h a ll ,  to  "begin w ith , consider sh ortly  
the present p o s it io n  o f  the chem istry o f  muscular 
con tra ction , and the performance o f  work by the 
in ta c t  animal. This w i l l  be fo llow ed  by a con­
s id e ra t io n  o f  the nature o f  the fu e l  u t i l i s e d  as the 
source o f  energy f o r  muscular con tra ction  with 
sp e c ia l re fe ren ce  to  the u t i l i s a t io n  o f  f a t .
T h ird ly , the probable mode o f u t i l i s a t io n  o f  fa t  
w i l l  be considered .
THE CHEMISTRY OP MUSCLE ACTION.
Although HERMANN ( 1 8 7 9 ) d iscovered  in  1879 
that muscle can work p e r fe c t ly  w e ll in  the absence 
o f  oxygen, or when ox id a tion  has been com pletely 
stopped by the ad d ition  o f  cyanide, i t  was not u n t il  
1907 that the re a l foundation  o f  our present know­
ledge o f  the chem istry o f  muscle a c tion  was la id  by 
FLETCHER and HOPKINS ( 1 9 0 7 ) a t Cambridge. These 
workers showed than when a muscle i s  made to  contract 
a n a erob ica lly , l a c t i c  a cid  i s  produced and in creases 
in  amount up to  a maximum, when l a c t i c  a cid  accumu­
la t io n  and the power o f con tra ctin g  stop sim ulta­
neously . I f  oxygen i s  admitted at th is  stage, the 
l a c t i c  acid  slow ly disappears from the fa tigu ed  
m uscle, u n t il  i t  reaches the previous r e s t in g  value. 
Further, there i s  l i t t l e  or no accum ulation o f 
l a c t i c  acid  when a muscle i s  made to  con tra ct in  
oxygen.
FLETCHER and HOPKINS concluded from 
these experiments that there was present in  muscle 
a precursor o f  l a c t i c  acid  which was transformed 
in to  la c t i c  acid  and then resynthesised  from 
i t /
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i t ,  whan the muscle con tra cted . This p rocess , they 
thought to  he merely a " lu b r ic a t in g  system ", the 
r e a l energy f o r  the con tra ction  coming from the ox i­
dation  o f  some other substances.
I t  was next shown that the la o t i c  acid  
fa t ig u e  maximum produced by anaerobic con tra ction  o f 
an is o la te d  muscle depends upon the s ta te  o f  n u tr i­
t io n  o f  the m uscle, and f in a l l y ,  MEYERHOF* (1924) 
was ab le  to  show that it i s  the accum ulation o f  l a c t i c  
a cid  which causes muscle to  lo s e  i t s  power o f  con­
tr a c t io n , and not exhaustion o f  the supply o f  the 
la o t i c  acid  precursor present in  the m uscle, fhen 
l a c t i c  acid  i s  allowed to  escape from muscle as i t  
i s  formed, e ith er  by d ra in in g , or by b u ffe r in g , a 
grea ter t o t a l  amount o f  l a c t i c  acid  i s  produced, and 
a correspondingly  la rg er  amount o f  work.
These d is c o v e r ie s  led  to  the fu rth er  d is ­
covery that the precursor o f  l a c t i c  acid  in  muscle 
i s  g lycogen . The t o t a l  amount o f  l a c t i c  acid  which 
can be obtained from a working m uscle, by neutra­
l i s in g  i t  as i t  i s  formed, depends upon the s tores  
o f  glycogen o r ig in a lly  present in  the muscle.
MEYFSH 01* (1924) found that by suspending the mu so le  
in  a lk a lin e  so lu t io n  bu ffered  w ith phosphate, that 
the^ _____________   _ _____ ________________
»MEYERHOF has summarised h is  experim ental work in a 
review to which th is  re feren ce  r e fe r s .
the muscle can be made to  use a l l  i t s  s to re  o f  g ly ­
cogen, and by no other method can th is  be accom plish­
ed.
A s o lu t io n  o f  the problem connected with 
the disappearance o f  la o t i c  a c id  in  the o x id a tiv e  
recovery  o f fa tigu ed  muscle was f i r s t  put forward by 
HILL (1912 -16 ). He made the fundamental d iscov ery  
that the heat production  o f  a working muscle i s  not 
evolved sim ultaneously w ith the con tra ction , but in  
two phases o f  approxim ately the same amount. The 
f i r s t  phase co in c id e s  with the musole tw itch , and 
th is  he oa lled  the " i n i t i a l  h e a t" . The seoond, he 
ca lle d  the "delayed h e a t" , and th is  i s  evolved dur­
ing the ox id a tiv e  recov ery . The "delayed h e a t" , 
ooours c h ie f ly  in  the presence o f  oxygen, and HILL 
connected i t  w ith the o x id a tiv e  disappearance o f 
la o t i c  a c id . H is f i r s t  measurements were not s u f f i ­
c ie n t ly  accurate to  lead him to  the co rre ct  conclu ­
s ion s , but MEYERHOF (1924) showed that a ft e r  anaero­
b ic  stim u lation , the oxygen intake i s  stron g ly  in ­
creased fo r  a d e f in it e  p er iod . This in crease  i s  
c lo s e ly  connected with the disappearance o f  la o t i c  
a c id , and the intake o f oxygen above the r e s t in g  
value which MEYERHOF ca lle d  the "e x ce ss  oxygen", 
o n ly /
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only continues as long  as excess l a c t i c  acid  remains 
in  the m uscle. This t o t a l  amount o f  oxygen i s ,  how­
ever, on ly s u f f ic ie n t  to  o x id is e  one fou rth  to one 
s ix th  o f  the l a c t i c  a cid  which d isappears. MEYBRHOF 
(1924) showed that the remainder i s  converted in to  
g lycogen .
By fu rth er  ca re fu l measurements o f  energy 
interchange in  muscle a c t io n  MBYERHOi1 (1924) showed 
how the la c t i c  a c id  produced by con tra ction  i s  neutra­
l is e d  as i t  i s  formed by the p ro te in  b u ffe rs  o f  the 
m uscle, and how th is  p rocess  accounts f o r  a la rge  
share in  the heat evolved during th is  phase. In the 
recovery  phase, a corresponding amount o f  energy i s  
requ ired  to  recover  th is  l a c t i c  a c id  preparatory to  
i t s  recon version  to  g lycogen .
On the b a s is  o f  these and h is  own measure­
ments, HILL drew up a "balance sheet" which appear­
ed to  account f o r  a l l  the energy changes involved  in  
muscular con tra ction , and which agreed with a l l  that 
was then known o f the chem istry o f  the p rocess . 
B r ie f ly ,  the p o s it io n  was that nervous stim ulation  
o f  muscle caused glycogen  to  be converted to  l a c t i c  
a c id , which, by i t s  a c t io n  on the muscle, f ib r e s ,  
caused them to  co n tra ct. This p rocess  could take
placV
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p la ce  in  com plete absence o f  oxygen, with no other 
energy source. When nervous stim u lation  was d iscon ­
tinued , and in  the presence o f  oxygen, f o u r - f i f t h s  
o f  th e  l a c t i c  acid  was reconverted  to  g lycogen , the 
remaining f i f t h  (o r  i t s  g lycogen  equ iva len t) being 
ox id ised  in  order to supply the necessary energy.
This theory s tre sse s  tremendously the importance o f 
carbohydrate in  muscle a c t io n , and that i t  represen t­
ed the com plete p ic tu re , was b e liev ed  u n t il  about 
fou r  years ago. During the la s t  fou r  years , many 
d is co v e r ie s  have been made w ith regard to  the chemis­
try  o f  muscle a c t io n . These d is c o v e r ie s  s tre ss  the 
extremely complex nature o f  the problem , a so lu t io n  
to  which i s  s t i l l  a long way o f f .
I t  i s  now known that es te rs  o f  phosphoric 
acid  p lay a very important part in  the working o f 
m uscle. Knowledge o f  the p re c is e  fu n ction s  o f  the 
d if fe r e n t  phosphorus compounds i s  s t i l l  in  i t s  in ­
fancy so that i t  i s  im possib le  h ere , to  g iv e  an ade­
quate theory regarding them a l l .  We sh a ll con fin e  
ourselves to  mentioning these compounds b r i e f ly .
The presence in  muscle o f  hexose d iph os- 
ph oric  acid  s im ilar to  that d iscovered  in  yeast f e r ­
mentations by HARDEN and YOUNG ( 1 9 0 6 ) ,  was described  
b y /
by EMBEEN (1914-24) and h is  co-w orkers. In 1927  
however, EMBERS’ and ZIMMERMAEN found that the hexose 
phosphate occu rrin g  in  muscle i s  the monophosphoric 
acid  e s te r , and not the d i-a c id  e s te r . The accepted 
view at the present time i s  that normal re s t in g  mus­
c le  contains only the monophosphoric e s te r . This 
compound can be acted upon by enzymes ex traotab le  
from m uscle, and converted u ltim a te ly  in to  l a c t i c  
and phosphoric a c id s  by way o f a hexose diphosphate 
accord ing  to  the fo llo w in g  scheme.
2C6Hn0^(P04jR2) s 2C3H6O3 + C6H1004(P04R2)2
( l a c t i c  a c id )
C6H10°4 (P04R2 )2 + ^ 2° = 2g3h6°3 + 2HB2I,04
In 1927 EGGLETOIt and EGGLETON ( 1 9 2 7 ) and 
independently FISKE and SUBBAROW ( 1 9 2 7 ) d iscovered  
a new phosphorus compound in  m uscle, which subsequent­
ly  proved to be a compound o f  phosphoric acid  and 
crea tin e  to  which the name "Phosphagen" was g iven . 
This d iscovery  g iv es  a reasonable explanation  o f  the 
presence o f  crea tin e  in  m uscle, and n e ce ss ita te s  a 
r e v is io n  o f  many o f the views o f  the changes taking 
p lace  in  muscle during a c t iv it y  and re cov ery . Ehos- 
phagen i s  hydrolysed to  crea tin e  and phosphoric 
a c i 6/
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acid  during anaerobic muscular a c t iv i t y ,  th is  con­
vers ion  being  accompanied by a la rg e  ev o lu tion  o f  
h eat, and an in crea se  in  the a lk a lin it y  o f  the mus­
c le .  On recovery  in  oxygen, the phosphagen i s  re ­
syn thesised . UEYKRHOI’ (1930) has sta ted  that he now 
con sid ers  that muscular con tra ction  i s  produced by 
th is  breakdown o f  phosphagen, and th at the energy pro­
duced by carbo-hydrate breakdown i s  u t i l i s e d  to  r e -  
syn th esise  phosphagen. I t  i s  a lso  considered  that 
phosphagen prov ides a r e a d ily  a c c e s s ib le  s to re  o f  
phosphoric a cid  fo r  th e  e s t e r i f i c a t io n  o f  hexc^e pre­
paratory to  i t s  breaking down in to  l a c t i c  a c id . The 
exact fu n ction  o f  th is  phosphagen breakdown i s  not 
y e t  known, but i t s  importance i s  s tressed  by i t s  
wide spread d is t r ib u t io n . I t  i s  present in  g rea test 
quantity  in  sk e le ta l m uscle, ca rd ia c  muscle contain ­
ing le s s ,  and smooth muscle a com paratively small 
amount. The importance o f  phosphagen has again been 
shown by recen t work, LU2TDSGAABD (1930) has found 
that sk e le ta l muscle i s  ab le  t o  con tra ct even a l ­
though a l l  form ation  o f  l a c t i c  acid  from glycogen  or 
any other source, i s  in h ib ited  by po ison in g  the 
muscle with io d o a ce t ic  a c id . LIPMANN (1930) has 
shown that poison ing  muscle w ith fluoride has the 
same/
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same e f f e c t .  The ra te  o f  decom position  o f  phospha- 
gen under these circum stances ie  in crea sed , and con­
s id era b le  e s t e r i f i c a t io n  o f  hexose w ith phosphate 
and decom position  o f  adenyl phosphoric a c id  occu r.
With regard to  the other compounds o f  phos­
phorus occu rrin g  in  m uscle, l i t t l e  or nothing is  
known as to  th e ir  fu n c tio n s . Orthophosphate occurs 
in  re s t in g  muscle in  very small amount, but in  in ­
creased amount a fte r  stim u la tion , bein g  produced by 
the h y d ro ly s is  o f  variou s phosphoric e s te r s . Pyro- 
phosphoric a cid  was d iscovered  to  be present in  mus­
c le  by LOHMABN (1928 ). I t  appears to  be a ssocia ted  
with aden y lic  acid  in  equim olecular amount.
Adenylic a cid  i s  i t s e l f  an es te r  o f  phos­
p h oric  acid  with the purine base adenine and the 
pentose d -r ib o s e . R ecen tly , EMBEEN (1928) and 
P ARMAS ( 1929 ) and others have studied  the ammonia 
content o f  muscle, and found that th ere  i s  a small 
but unmistakable in crease  as a r e s u lt  o f  in ju ry  or 
fa t ig u e . I t  i s  claimed that th is  ammonia a r is e s  
from deaminisafcicmof ad en y lic  acid  to  in o s in ic  
a c id . During recovery , ad en y lic  a cid  i s  resynthe­
s ise d . The importance o f th is  r e a c t io n  in  muscular 
con tra ction  i s  not y e t  known, but s in ce  ad en y lic  and 
in o s in ic /
in o s in io  a c id s  are o f  approxim ately equal strength , 
i t  might be that th is  re a c t io n  i s  part o f  the b u ffe r ­
ing system o f  m uscle.
Our present knowledge o f  the chem istry o f  
the a c t io n  o f  is o la te d  m uscle, suggests that carbo­
hydrates now p lay a secondary p a r t . There i s  th ere ­
fo r e  no reason why carbohydrates should form the 
s o le  source o f  energy as was at one tim e thought, 
and th ere  i s  no reason why fa t  should not a lso  a ct 
as a fu e l .
We sh a ll now turn to  the a p p lica t io n  o f 
these phenomena o f  muscular con tra ction  to  the study 
o f  the performance o f  work by man. The r e s u lts  
which have been obtained from a study o f  muscle con­
tr a c t io n  in  is o la te d  m uscle, apply a lso  to  muscle 
aotion  in  the in ta c t  anim al. The co n d it io n s , how­
ever, under which the co n tra ctio n s  take p la ce , are 
not the same in  the two ca ses . Thus, f o r  example, 
in  the in ta c t  animal, the tem perature o f  the working 
muscles i s  h igh er, they are provided w ith a b lood  
supply and they are c o n tro lle d  from the cen tra l 
nervous system.
During the perform ance o f  muscular work, 
l a c t i c  a cid  appears in  the b lood  in  increased  amount, 
showing/
showing that th is  substance i s  produced by the work­
ing m uscles, whence in  part i t  i s  removed by the 
b lood  stream. L a ct ic  a cid  occurs in  the b lood  o f 
normal ren tin g  men in  amounts o f  from 5 to  20 m i l l i ­
grams per 100 c c . ,  because even when the body i s  at 
r e s t  there i s  a ce rta in  amount o f  muscular a c t iv it y  
which e n ta ils  a constant ra te  o f  produ ction  o f  la c t ic  
a c id . The power o f  the b lood  to  remove la c t i o  acid  
from muscular t is s u e , depends o f  cou rse , upon i t s  
b u ffe r in g  system s. Thus MACLEOD and KNAPP (19^8) 
have shown th at when the b lood  i s  made more a lk a lin e  
l a c t i c  acid  i s  present in  in creased  amount in  the 
c ir cu la t in g  b lo o d . A lso AKKSP and CAMHAN (1923) 
using the h eart-lu n g  prep a ra tion , d iscovered  that 
the la c t i c  acid  content o f  the b lood  i s  lowered when 
carbon d iox id e  i s  added to  i t ,  and ra ised  when i t  i s  
removed.
The ra te  o f  accum ulation o f  l a c t i o  acid  
in  the b lood  during e x e rc ise  depends upon the 
sev er ity  o f  the e x e rc ise . When the e x e rc ise  i s  
very severe, l a c t i o  acid  i s  produced fa s t e r  than i t  
can be removed from the muscles and b lo o d , and i t s  
amount in  b lood  may reach a r e la t iv e ly  high f ig u r e . 
When the work i s  only m oderately severe , the o x i­
d a tiv e  processes in  muscle are a b le  to  remove the 


































la c t io  a cid  as qu ick ly  as i t  i s  formed and the escape 
o f  acid  in to  the b lood  i s  sm all. The fo llow in g  table, 
(Table I )  taken from experiments by HILL? LONG and 
LUPTON (1924) shows the type o f changes which take 
p lace  in  th e  la c t i o  acid  content o f the b lood  with 
ex erc ise  o f  d if fe r e n t  se v e r ity . (TABLE I ) ,
A knowledge o f  the oxygen requirement o f  
ex erc ise  i s  o f  value in  furn ish ing  a measure o f i t s  
s e v e r ity . As a re su lt  o f  severe muscular exercise  
there i s  an accum ulation o f la c t i c  acid  in  the muscles 
and in  the b lood  in  s p ite  o f  ox id a tive  recovery pro­
cesses which go on sim ultaneously. There is  a lim it 
to  the amount o f  oxygen which th e  body can u t i l i s e  
in  a given tim e. This l im it  i s  f ix e d , not by the 
oxygen requirem ents o f  the body, but by the heart, 
which i s  unable to  pump b lood  qu ick ly  enough to sup­
p ly  to  the tis su e s  the oxygen which w il l  enable them 
to  o x id ise  the la c t i c  acid  as quiokly as i t  i s  formed. 
I t  i s  to  be expected that th is  accumulated la c t i c  
acid  w i l l  be ox id ised  during the period  o f  recovery 
a fte r  the ex erc ise  i s  over. CAMPBELL, DOUGLAS and 
HOBSON ( 19 19 } were f i r s t  to  show that the oxygen in­
take i s  increased above the basal le v e l ,  not only 
during e x e rc ise , but a lso  f o r  some time a fte r  the 
exerciso^
ex erc ise  has ceased. During severe ex erc ise  the oxy­
gen intake may remain at i t s  maximum value, but the 
la c t i c  acid  continues to  accumulate in  muscle and in 
b lood . In HILL'S w ords:- "In  such a s ta te , the 
muscle has to  'g o  in to  debt* f o r  oxygen, to  obtain  
i t s  energy on the 's e c u r it y ' o f  a concentration  o f 
la c t i c  acid  which i t  w i l l  req u ire  fu tu re  oxygen ' i n ­
take' to  e lim in a te". Just as in  the case o f  iso la ted  
muscle, the la c t i o  acid  accumulated during exercise  
i s  restored  to  glycogen a fte r  the ex erc ise  i s  com­
p le ted , the energy necessary fo r  the conversion  being 
obtained by the combustion o f  some fu e l such as car­
bohydrate or fa t  in  the body.
When ex erc ise  o f  only moderate severity  
i s  performed, the oxygen intake may be able to  b a l­
ance the oxygen requirem ent. There i s ,  in  th is  case, 
only a small oxygen debt and since  the concentra­
t io n  o f l a c t i c  acid  in  the body does not r is e  very 
considerably  above the res tin g  value, th is  type o f 
exerc ise  may be kept up in d e f in it e ly .  This balance 
i s  reached when the la c t i c  acid  content o f  the mus­
c le s  has r isen  s u f f ic ie n t ly  to  provoke an oxygen 
usage great enough to keep pace with the la c t i c  acid  
production . E xercise o f  th is  type is  ca lled  the 
"steady s ta te " , o f  exerc ise  and the more severe the 




I» ft« Excesss Oxygen intake at commencement o f  
work o f  d if fe r e n t  degrees o f  s e v e r ity .
In A and B the steady s ta te  i s  reached.
In C the l im it  o f  supply i s  reached.
b^ Recovery excess intake o f  oxygen a fte r  work. 
A and C represent recovery  from work com­
parable with that in  the curves A and C 
o f
6^ R ela tion  between speed o f  locom otion  and 
oxygen requirem ent. Curve A. walking; 
curve B. running.
e x e rc ise , the h igher w il l  be the oxygen usage and 
the la c t i c  acid  content when the steady s ta te  i s  
reached. There is  s t i l l ,  o f  course, an oxygen debt 
which depends a lso  upon the sev er ity  o f  the exercise.
In Figure I .  are shown curves obtained by 
Hill* 3LQHG & LUPTOH, (1924) showing the oxygen 
intake with work o f  varying se v e r ity .
These authors have concluded from th e ir  
experiments on v io le n t  e x e rc ise , that the la c t i c  acid 
which accum ulates during ex erc ise  is  removed during 
recovery in  two p rocesses . The one process i s  
rap id , and corresponds with the ox id a tive  removal 
& re s to ra t io n  o f  l a c t i c  acid  in  that muscular tissu e  
in which i t  has formed and accumulated; the other is  
much slower and corresponds with the ox idation  of 
that l a c t i c  acid  which has d iffu se d  away from the 
working muscles in to  the b lood  stream and been car­
r ied  to  other parts o f the body.
The production  o f  la c t io  a c id , and the ac­
cumulation o f  oxygen debt in  the in ta c t  animal have 
been d ea lt with rather f u l l y ,  because they have 
important bearings upon the employment o f  resp ira ­
tory  data to  fo llo w  m etabolic changes occurring  in 
the body due to  ex erc ise  and recovery . This point 
w il l  be d iscussed  la te r .
17.
THE UTILISATION of PAT by MUSCLE.
ISOLATED MUSCLE.
While there ie  abundant evidenoe that 
carbohydrate ie  used ae a source o f  energy by ie o l*  
ated m uscle, the evidence concerning the u t i l is a t io n  
o f fa t  is  very meagre, and not convincing . LEASHES 
( 1906) te ta n is in g  the muscles of one s ide  cf an ani­
mal, and then oomparing them with the musolee o f  the 
other s id e , could fin d  no evidence f o r  the combus­
t io n  o f  fa t  on the tetan iced  s id e . WIEEXELD (1915) 
made a s im ila r  observation , but' PALAZZALO (1912) 
found that the fa t  content o f stim ulated muscles was 
le s s  than that o f  unstim ulated © cn tto ls , That under 
certa in  circum stances, muscle can use fa t  coming 
into  i t ,  i s  ind icated  by the experiments o f LAFON 
( 1 9 1 3 ) who observed an increase  in  the fa t  removed 
from b lood  c ir cu la t in g  through the working muscles, 
compared with that removed w hile they were at r e s t . 
This observation  is  an iso la te d  one, and has not 
been oonfirm ed, so th a t , on the whole, the evidenoe 
on th is  su b ject ie  not con clu sive .
With regard to o , to  the resp ira tory  quo­
t ie n t  o f  iso la te d  m uscle, very few observations e x -  
. -;;.r
i s t .  MEYERHOF ( 19 29 ) found the resp ira tory  
quotien t o f  minced f r o g f s muscle to  be in  the neigh- 
bcrhood o f  u n ity , and th is  observation  has been used 
a * /
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as an argument that carbohydrate i s  the s o le  source 
o f the fu e l  o f  voluntary m uscle. The evidence with 
in ta ct is o la te d  m uscle, however, is  not so conclus­
iv e . MEYERHOF & HIUWICH ( 1 9 2 4 ) using the d ia ­
phragm o f a r a t , found that the re sp ira tory  quotient 
was not dependent upon the .previous - d ie t ,  and tend­
ed to  be h igh . (sor.<0,95)* TAKAJSE (1926) a lso  
using the ra t diaphragm found that the consumption 
o f fuel by the tissai^, as measured by the r e sp ira to ­
ry exchange, exceeded that vtoioh could be provided 
f  or by carbohydrate and protein,and so he concluded 
that fa t  must have been ox id ised . HIMWICH & 
CASTLE ( 1 9 2 7 } and la t e r  HIMWICH & HOSE ( 1929) 
found the re sp ira to ry  quotient o f  is o la te d  muscle to  
be the same as that o f  the in ta c t  animal, and to 
remain the same during con tra ction  as during r e s t .
The high experim ental error  (0 .1 6 ) in  these exp eri-
sments, however, rendern d i f f i c u l t  th e ir  absolu te ac­
ceptance. The on ly con clu sion  which can be drawn 
from the experiments on the resp ira tory  quotient o f 
iso la te d  muscle i s ,  that apart from MEYERKQF’ S 
s in g le  observation  on minced m uscle, there i s  no 
evidenoe that only carbohydrate can be u t i l is e d  .
The th eor ies  o f  the chem istry and physiology o f 
muscular con tra ction  g ive   ̂ no a p r io r i  reason fo r  
the assumption that fa t  cannot be u t i l is e d  d ir e c t ly  
as a source o f  energy, although the great importance




placed on the glycogen  - l a c t i c  aoid c y c le , led  many 
workers to  b e l ie v e  that th is  was so .
THE INTACT ANIMAL.
Since the evidence fo r  the u t i l is a t io n  of 
fa t  in  e x e rc ise  by the in ta c t  animal depends upon 
the value o f the re sp ira to ry  qu otien t, i t  i s  neces­
sary f i r s t ,  to  consider whether the lowering o f  the 
resp ira tory  qu otien t during ex e rc ise  and recovery 
may be due to  increased  p ro te in  metabolism. The 
evidence i s  p r a c t ic a l ly  unanimously against any such 
u t i l i s a t io n .  PETTEHKGFER &  VOIT < 1666) f i r s t  
showed that muscular work does not increase  p rote in  
metabolism as measured by the n itrogen  ex cretion , 
and th is  was confirm ed by SUCC1. L ater, SCHAFFER 
{ 1908) obtained the same resu lt  and so a lso  d id  
KOCKER (1914) 9 The data o f  CATHCART & BURNETT 
( 19 26 ) ,  however, suggest that up to  30%  o f  the ex­
tern a l work might r e ce iv e  i t s  energy from p ro te in , 
but CHAMBERS & MILHORST (192?) have pointed 
out that the e x e rc ise  was in  th is  case o f  short 
duration , and that the increased p rote in  metabolism 
may only have been a temporary e f f e o t ,  such as the 
removal o f  »deposit* p ro te in .
The evidence fo r  the u t i l i s a t io n  o f fa t  in  
muscular e x e rc is e , by the in ta c t  animal, is  much 
more/
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more abundant* The e a r l ie s t  experimenta were per* 
formed by CHAUVEAU ( 1896)9  who found that the 
res tin g  re sp ira to ry  qu otien t ro se  w ith exercise* and 
form ulated the theory that muscular e x e rc ise  was 
performed a t the expense o f  carbohydrate* Then 
ZUNTZ ( 1898 ) a f t e r  a long s e r ie s  o f  experim ents, 
upheld the view that f a t  could  be ox id ised  in  exer­
cise*  He based h is  con clu s ion s  p a r t ly  on exp eri­
ments showing that the re sp ira to ry  qu otien t o f  exer­
cise^ was as much a fu n ction  o f  the p revious d ie ts  as 
the re s t in g  re sp ira to ry  quotient* This was confirm ­
ed by FRENTZEL & BEACH (19OI), and la te r  by 
BENEDICT & CATHCART ( I 9 l8 ) ,  and KROGH & LIKD» 
HARD ( 1 9 2 0 )* ANDERSON & LUSK (1917)» showed 
that the re sp ira to ry  quotients o f  a starving  dog 
during long  continued ex e rc ise  on a trea d m ill, were 
p r a c t ic a l ly  th e o re t ica l  f o r  the combustion o f  fa t  
(O .y i to  0.73)>  and s im ila r ly , MEYERHOF & HUÍWICH 
(1924) obtained re sp ira to ry  qu otien ts o f  0*70 fo r  
ra ts  which had been fed  on a d ie t  contain ing exces­
s ive  amounts o f  f a t ,  during e x erc ise  on a  treadm ill* 
Certain o f  these e a r l ie r  experiments could  
be c r i t i c i s e d  in that they did not cover the f u l l  
exchange o f  recovery  as w e ll  as e x e rc ise , and the 
great importance o f  the recovery  p eriod  was shown by 
HILL, LONG & LUPTON, (1924-), In a se r ie s  o f  
research e s /
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researches, H i l l ,  LOHG &  LUPTOH, (1924) FURUSA- 
WA (1925), and FURUSAWA, HILL, LOKG & LUPTOH, 
( 19 26 ) ,  showed that in  mild ex e rc ise  o f  short dura­
t io n , re sp ira to ry  qu otien ts  in  the neighbourhood o f  
unity were always obta in ed , no matter what the pre­
vious d ie t  had been. As the e x e rc ise  became more 
v io le n t ,  the re sp ira to ry  q u otien ts  tended to  f a l l .  
They explained these r e s u lts  by the con clu sion  that 
carbohydrate was the only substance o x id ise d , and 
that in  prolonged or more v io le n t  e x e rc ise  fa t  was 
drawn upon, converted in to  sugar to  supply the 
necessary energy, w ith a re su lta n t f a l l  in  resp ira ­
tory  qu otien t.
RAPPORT & RALLI (1928) performed ex p eri-
((1 )
ments on dogs with mild e x e rc ise  o f  short duration , 
and they found that the animals ox id ised  the same 
percentages o f  carbohydrate and f a t ,  as when at r e s t ,  
and that the m uscles, l ik e  other t is s u e s  o f  the body, 
ox id ised  carbohydrate dr f a t ,  or both , depending upon 
the prop ortion s in  which those substances were pre­
sented to  them in  a v a ila b le  form .
MARSH ( 1 9 2 8 ) ,  using human su b jects  doing 
moderate work, found that the re sp ira to ry  quotient 
o f e x erc ise  and recovery  i s  a fu n ction  o f  the pre­
vious d ie t ,  w h ile  VliLSGH, LEVLHE, RIVKIH & 3ER- 
LIHER ( 19 28 ) ,  have a lso  observed in  ch ild ren , a 
c lo s e /
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c lo se  resemblance between the re sp ira to ry  quotien t 
o f  ex erc ise  and recovery , and that o f  the previous 
r e s t  p eriod . For mild e x e rc ise , th is  observation  
has re cen tly  been confirm ed by BEST, FURUSAWA & 
RIDOUT ( 1929 ) ,  and by RAPPORT ( 1 9 2 9 ) .  However, 
with v io le n t  e x e rc ise , BEST FURUSAWA &  RIDOUT 
obtained resp ira tory  qu otien ts  o f  un ity  and over, 
values as higja as 1.70 being obta in ed . They were 
unable to  o f f e r  any explanation  o f  these r e s u lts , 
and concluded that blowing o f f  ca rbon -d iox id e  could 
not account fo r  the la rg e  volumes requ ired  to  produce 
these h i# i  re sp ira tory  q u otien ts . The type o f  exer*» 
e lse  they employed con sisted  o f sp r in tin g  -  a very 
v io le n t  form o f e x erc ise  and o f short duration . This 
v io le n t  exero ise  produces an exceed ingly  high concen­
tra t io n  o f la c t i c  acid  in  the t is s u e s , a r e la t iv e ly  
la rge  fr a c t io n  o f  which would be excreted  by the 
kidneys* I f  th is  l a c t i c  acid  is  excreted  with ammo­
n ia , i t  is  taking away ammonia which, along with 
carbon -d iox ide , would otherw ise be excreted  as urea. 
This carbon -d iox ide , together with a fu rth er  amount 
washed out by over breath ing, might conceivab ly  ac­
count fo r  th e ir  r e s u lts .
I t  is  to  be expected, s in ce  the d isea se  
d iabetes involves diminished a b i l i t y  to  o x id is e  car­
bohydrate, that people su ffe r in g  from th is  d isease  
01/
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or animals in  which the d isea se  has been srmula-ted 
experim entally by the adm in istration  o f  p h lo r iz in , 
would be fo rced  to  use a la rge  p rop ortion  o f fa t  in  
the performance o f  muscular work. GRAFE & SALO- 
KOH ( 1 9 2 2 ) ,  found that when a d ia b e t ic ,  w ith a r e s t ­
ing resp ira tory  qu otien t o f  0 .7 2  was made to  e x e rc ise  
the resu lt in g  resp ira tory  qu otien t was @ .7 1 » RICHARD 
SON & LEVINE (1925) a lso  fa i l e d  to  observe a r is e  
in  the resp ira tory  qu otien ts  o f  e x e rc is in g  d ia b e t ic s .
In the experiments o f HEHTZEL & LONG (19265, the 
resp ira tory  qu otien t o f  ex e rc ise  in  d ia b e te s , was 0 . 8D 
compared with a re s t in g  re sp ira to ry  qu otien t o f  0 . 7 6 . 
A lso, RAPPORT & HALLI ( 1928 , 2 ) found that in  the 
p h lo r iz ih ised  dog, there was no g rea ter  tendency f o r  
the ox idation  o f  sugar in  e x erc ise  than when a t r e s t .
An explanation o f  the v a r ia tio n s  in  the re ­
su lts  obtained from the study o f  the re sp ira to ry  ex­
change o f  e x erc ise , is  probably to be found in  the 
great d iffe re n ce s  in the type o f e x e rc ise  chosen by 
the d if fe r e n t  experim enters. D if f i c u lt y  seems to  have 
been experienced in s tr ik in g  e x erc ise  o f  a steady ave­
rage ra te , the work performed bein g , as a r u le , e ith ­
er too mild to produce much change in m etabolic pro­
cesses, or too v io le n t  to  enable re sp ira to ry  data to  
be used with proper con fid en ce . However, the e v i­
dence from the resp ira tory  q u otien t, as a whole, does 
not ju s t i f y  the b e l i e f  that carbohydrate alone is  
oxid ised  to  supply the fu e l  fo r  muscular e x e rc ise .
24
Although the b e l i e f  appears to  be ju s t i f i e d  
from the evidence, that fa t  i s  used as a source o f  
energy in  muscular e x e rc ise , i t  remains to  d iscu ss  
the mode o f  i t s  u t i l i s a t io n .  There are only two 
p o ss ib le  mechanisms:; -
(1 ) That fa t  is  d ir e c t ly  burned, and
(2 ) That it isi first converted*»1*© carbohydrate,
which is  then burned.
The resp ira tory  qu otien t g iv es  no in form ation  on 
th is  p o in t , because, in  e ith er  ca se , the end pro* 
ducts o f fa t  metabolism w il l  be carbon d iox id e  and 
water.
The evidence fo r  and aga inst the conversion  
of fa t  to  carbohydrate in  the animal body h inges 
mainly upon two th in g s :*
The study o f the e f f e c t  of -carioua d ie t s  upon 
d ia b e t ic  su b jects  and upon p h lo r iz in ise d  dogs, and 
the r e la t iv e  e f f ic ie n c y  o f fa t  and carbohydrates as 
sources o f energy.
LUSK ( 19 28 ) ,  has re cen tly  reviewed the e v i­
dence dealing  with the d isea se  d ia b e te s , and he 
concludes that th is  evidence is  t o t a l ly  against any 
conversion o f fa t  to  carbohydrate.
In th e ’ c o m p le te 'd ia b e tic , t o t a l ly  unable 
to  ox id ise  g lu cose , the ex cre tion  o f  sugar is  never 
g re a te r /
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greater than can "be accounted fo r  by the conversion  
o f p rote in  to  carbohydrate, and in  " incom plete” d ia ­
b e te s , i t  i s  in v a ria b ly  le s s  than t h is .  M oreover, 
ca lcu la tio n  shows that the observed heat p rodu ction , 
re sp ira tory  q u otien t, sugar, n itrogen  and hydroxy- 
b u ty r ic  acid  ex cre tion , cannot be accounted f o r  on 
the su pposition  that fa t  i s  converted to  carbohy­
drate , but can be accounted fo r  on the su p position  
that p rote in  is  converted to  carbohydrate, w h ile  
fa t  i s  ox id ised  in  the usual way, as fa r  as hydroxy- 
b u ty r ic  a c id . Another suggestive p ie ce  o f  evidence 
leading to  the same con clu sion  i s  th at a lte r a t io n  
o f the p rote in  content o f  the d ie t  leads to  a p a ra l­
l e l  a lte ra t io n  in the sugar e x cre tio n , whereas no 
connection  whatever i s  observed between the fa t  con­
tent o f  the d ie t  and the ex cre tion  o f  sugar.
MANDEL and LUSK, (1903) .
In con siderin g  the r e s u lts  o f  experiments 
upon p h lo r iz in ised  animals, which show an ex cre tion  
o f  sugar greater than can be accounted f o r  by the 
p rote in  ingested , [ SOSKIN, ( 1 9 29 ) ] ,  i t  must always 
be borne in  mind that the musculature c lin g s  tena­
c iou s ly  to  glycogen  [RINGER, DUB IN and FRANKKL, 
( 1 9 2 1 ) ] ,  long a fte r  the other s to re s  are com pletely 
exhaust ed/
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exhausted, and execreted  sugar unaccounted fo r  hy 
p rote in  metaholism, probably comes from th is  source. 
This source to o , i s  the o r ig in  o f  the increased  sugar 
elim in ation  by p h lo r iz in is e d  dogs a ft e r  the adminis­
tra t io n  o f  a s in g le  dose o f  ad ren a lin , (EPPINGEK, 
FALTA and RUDIKGER, 1908 )« A dm inistration  o f  a sec­
ond in je c t io n  produces no fu rth er  change upon the 
sugar ex cre tion  RIHGER (1 9 1 0 ) , .WOOPYAT (1913 ),
PALMER (1917 ), SEUFFERT and HARTMAUN (1929) .
On the b a s is  o f  these and many sim ila r  
fa c t s  i t  may be accepted  that the d ia b e t ic  does not 
convert fa t  to  carbohydrate, and bearing  in  mind the 
circum stances o f  the d ise a se , i t  i s  a le g itim a te  
conclu sion  that he cannot do so . Th is, however, 
a ffo rd s  no p ro o f o f  a corresponding in a b i l i t y  in  the 
normal s u b je c t , although i t  i s  very s tron g ly  sugges­
t iv e .
More d ir e c t  evidence, in  the case o f  nor­
mal animals, i s  obtained from a study o f  the r e la t iv e  
e f f ic ie n c y  o f  fa t  and carbohydrate as sources o f  
fu e l  in  muscular e x e rc ise . I f  fa t  i s  ox id ised  d i ­
r e c t ly ,  there w i l l  probably be no lo s s  o f  e f f ic ie n c y  
when i t  a cts  as a source o f  energy fo r  muscular 
e x e rc ise . I f ,  however, i t  i s  f i r s t  converted in to  
carbohydrate/
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carbohydrate, the le a s t  p o s s ib le  wastage o f  energy 
i s  some 2 5  per c e n t .,  and probably grea ter than th is  
i f  the re a c t io n  proceeds by a mechanism more in  ac­
cordance with our knowledge o f  the chem istry o f  the 
two substances. Experimental ev idence, were i t  to  
show co n c lu s iv e ly  that muscular work i s  performed 
with grea ter e f f ic ie n c y  when carbohydrate i s  the 
source o f  energy than when fa t  i s  the source o f  ener­
gy, would suggest that fa t  i s  f i r s t  converted to  
carbohydrate b e fo re  being u t i l i s e d .  I t  would g ive  no 
p roo f however, beoause i t  might w e ll be that the 
body i s  le s s  ab le  to  make use o f  the energy supplied 
d ir e c t ly  by fa t  ox id a tion . Again, i t  must be pointed  
out that un less fa t  forms the s o lé  source o f  energy, 
the t o t a l  lo s s  o f  e f f i c ie n c y  i s  not to  be expected, 
but some lower value depending upon the r e la t iv e  
amount o f  f a t  being  used. Further, owing to the com­
p le te  la ck  o f  knowledge concerning any mechanism 
which may e x is t  in  the body fo r  the conversion  o f  
fa t  to  carbohydrate, i t  i s  necessary to  assume that 
a l l  the carbon o f  the fa t  m olecule i s  converted in to  
carbohydrate carbon. I f ,  as w i l l  be shown la t e r ,  the 
conversion  takes p la ce  by a mechanism which i s  at 
present known to  be p o s s ib le  ch em ica lly , the lo s s  o f  
energy/
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energy when fa t  ie  used as a fu e l  w i l l  not be 25  per 
cent as in  the former case , but approxim ately 80 per 
cen t.
GHAUVEAU ( 1897- 9 8 ) f i r s t  deduced that fa t  
i s  le s s  e f f i c i e n t  than carbohydrate as a source o f  
energy fo r  muscular work, but h is  c a lcu la t io n s  have 
s in ce  been shown to be untenable. In ZUNTZ’ S la ­
b ora tory , HEINEMANN ( I 9OI) was unable, in  human sub­
je c t s ,  to observe any ap p reciab le  d if fe r e n c e  in  th e ir  
e f f i c i e n c ie s  on fa t  and carbohydrate d ie t s .  EHENlfiE.L 
and REACH ( I 9 0I ) ,  however, found that they could per­
form work more e f f i c i e n t ly  on a carbohydrate than on 
a fa t  d ie t .  The re s u lts  o f  ATWATER and BENEDICT 
( 1 9 0 3) are somewhat d iscord a n t, sometimes showing a 
d iffe re n ce  in  the e f f i c i e n c ie s ,  and sometimes n ot. 
Continuing these in v e s t ig a t io n s , however, BENEDICT 
and MILKER (1907) found th a t , on the whole, exerc ise  
was performed about 11 per cent more e f f i c i e n t ly  on 
a carbohydrate than on a fa t  d ie t ,  but BENEDICT and 
CATHCART (1913) found p r a c t ic a l ly  no d if fe r e n c e  in  
the two e f f i c i e n c ie s .  ANDERSON and LUSK ( 1 9 1 7 ) In 
experiments on a dog, found that carbohydrate i s  
about 6 per cent more e f f i c i e n t  as a source o f  energy, 
than fa t .
KEOGH/
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and exhaustive study o f  the e f f i c i e n c ie s  with which.
human su b je cts  perform  work on d if fe r e n t  d ie t s ,  
came to  the con clu sion  that on a carbohydrate d ie t ,  
ex erc ise  i s  performed at the expense o f  11 per cent 
le s s  energy than on a fa t  d ie t .
The evidence on the whole appears to  war­
rant the con clu sion  that muscular work is  performed 
somewhat more econom ically  at the expense o f  carbo­
hydrate than at the expense o f  f a t ,  but fu rth er  than 
th is ,  i t  i s  at present im possib le  to  go .
KR.OGH and LIHIHAR'D (1920) in a careful
.
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E X P E R I M E N T A L .
PREPARATION OP THE SUBJECT.
The su b je cts  used in  the experiments about 
to  be d escr ib ed , w ith one or two excep tion s noted 
la te r ,  though not s p e c ia l ly  tra in ed , were a l l  healthy 
young men, used to taking moderate e x e rc is e , and were 
on a normal mixed d ie t .  At the time o f the experiment 
they had fa sted  s in ce  the preced in g  evening, that i s ,  
fo r  th ir te e n  to  f i f t e e n  hours. They had either spent 
the night in  the la b ora to ry , or had rested  there in  
bed s in ce  the early  morning. In e ith e r  case , a s ta te  
as nearly  basa l as p o s s ib le  was assured at the com* 
mencement o f  the experim ent. Por those experiments 
in vo lv in g  measurements o f  the gaseous exchange, th is  
con d ition  was obv iou sly  e s s e n t ia l , s in ce  i t  provided 
the only p o s s ib le  base l in e  from which to  measure the 
excess metabolism during the e x e rc is e . Further, pre­
lim inary experiments showed that any prev ious a c t i v i ­
ty  on the part o f  the su b ject con siderab ly  m odified
the e f f e c t  o f  a given  amount o f  muscular work on the 
l e v e l /
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le v e l  o f  the b lood  f a t .  These precau tion s were not 
observed by PATTERSON in  a l l  o f  h is  experim ents, 
which d ou b tless  exp la ins some o f the q u a n tita tiv e  
d iscrep a n cies  between h is  r e s u lts  and these about to  
be d escr ib ed .
MODI OF EXERCISE.
In order that the exact amount o f  work done 
could be a ccu ra te ly  ca lcu la te d , the su b je cts  were 
exercised  on a b ic y c le  ergometer at a steady r a te .
To most o f  the su b jects  cy c lin g  was an unaccustomed 
form o f  e x e rc is e , and i t  was found im possible  fo r  
them to  work f o r  long at a grea ter ra te  than about 
1,100 kilogram  metres per minute. Short p eriod s  o f  
work such as were employed by PATTERSON in  h is  run­
ning experiments were n ot, th e re fo re  fe a s ib le ,  as 
amount rather than ra te  o f  work seemed to  be the 
most important fa c t o r .
EXPERIMENTS INVOLVING MEASUREMENT OF 
RESPIRATORY EXCHANGE.
A fter  th e  su b ject had reached basa l con­
d it io n s  and had emptied h is  b la d d er , h is  expired a ir  
wae/
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was c o l le c t e d  in  a 200 l i t r e  spirom eter f o r  a period  
o f tw e n ty -fiv e  minutes. A sample o f  "blood was then 
withdrawn and the "bladder was again emptied. The 
work was then "begun, and at in te rv a ls  during i t s  pro­
g ress , the expired a ir  was o o lle o te d  f o r  a period  o f  
one minute, the Bubj ect "being oonneoted to  the sp ir ­
ometer fo r  th is  purpose w ithout in terru p tion  o f  the 
steady ra te  o f  work.
A number o f prelim inary experiments s a t is ­
f ie d  us that ex tra p o la tion  from the r e s u lts  o f  these 
separate one minute c o l le c t io n s  gave nearly  as ac­
curate a f ig u r e  f o r  the gaseous exchange over the 
whole p eriod , as the much more cumbersome and uncom­
fo r ta b le  procedure o f  c o l le c t in g  a l l  the expired a ir  
throughout the e x e rc is e . I t  was, in  f a c t ,  found d if*  
f i c u l t  to  wear the mask continuously  and s t i l l  work 
at the necessary speed over p eriod s  varying from ten 
to f o r t y - f i v e  minutes. The gaseous exchange reached 
a steady value about f i v e  minutes from the commence­
ment o f  e x e rc is e , and i t  was th e re fo re  necessary to 
confirm  th is  in  each case , by taking two samples 
during the la t t e r  part o f  the e x e rc ise  w ith , in  ad­
d it io n , one sample at the second or th ird  minute.
On the com pletion  o f  the work, the su b ject immedi­
a te ly  lay  down again , and was once more connected 
t c /
to the sp irom eter. A second sample o f  b lood  was 
then taken. C o lle c t io n  o f  the exp ired  a ir  was con­
tinued u n t il  the subj e ct  had again reached an approxi* 
mately ba sa l con d ition , as considered  by pu lse and 
re s p ira t io n  r a te , and minute volume o f  expired a ir .
At the end o f  th is  p er iod , u su a lly  an hour was a l ­
lowed -  the su b je ct again emptied h is  bladder and a 
th ird  sample o f  b lood  was procured.
EXPERIMENTS EOT INVOLVING MEASUREMENT 
OP RESPIRATORY EXCHANGE.
In two s e r ie s  o f  experim ents, i t  was not 
fe a s ib le  to  make measurements o f  the resp ira to ry  ex­
change. The f i r s t  o f  these was undertaken in  order 
to  determ ine the e f f e c t  o f  a short p eriod  o f  work 
fo llo w in g  immediately a ft e r  apparent recovery  from 
a f i r s t  o f  s u f f ic ie n t  magnitude to  produce a r is e  
in  the b lood  f a t .  In one or two o f  these the re s ­
p ira tory  exchange was determined over the f i r s t  part 
o f  the experim ent, but i t  was found that the discom­
fo r t  o f  the mask worn over such a long  period  o f  
time precluded the proper return  to  ba sa l con d ition s  
a fte r  the second p eriod  o f  e x e rc is e . In these 
experiment^/
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experiments b lood  was withdrawn b e fo re  and a fte r  
each p eriod  o f  e x e rc is e .
The second s e r ie s  had as i t s  o b je c t  the 
determ ination  o f  changes in  the b lood  chem istry dur­
ing the p rogress o f  e x e rc is e , and b lood  samples were 
withdrawn, not only b e fo re  and a f t e r ,  but at in te r ­
va ls  during the perform ance o f  work. This procedure 
n ecess ita ted  in te rru p tion  o f  the e x e rc is e , and 
though the withdrawal o f  samples was performed as 
exp ed itiou sly  as p o s s ib le ,  the in te rru p tion  rendered 
fa l la c io u s  any measurement o f  the re sp ira to ry  ex­
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The re sp ira to ry  exchange was ca lcu la ted  
in  the usual way by a n a ly s is ,-u s in g  HALDANE'S 
method o f samples removed from the sp irom eter.
The urine was analysed fo r  t o t a l  n itrogen  
in  order to  determ ine whether any o f  the extra meta­
bolism  during ex e rc ise  and recovery  was due to  pro­
te in  metabolism. I t  may be said at once that no 
change in  the ra te  o f  n itrogen  metabolism was found 
during the experim ent. (TABLE X I).
In the variou s b lood  samples were estim at­
ed t o t a l  f a t ,  soap, t o t a l  c h o le s t r o l ,  l ip o id  phos­
phorus, the iod in e  number o f  the fa t t y  a c id s , and 
the carbon d io x id e  combining power.
The method o f  VAN SLYKE and NEILL ( 1 9 2 4 ) 
was used to  estim ate the carbon d iox id e  combining 
power o f the b lo o d .
36.
The method used to estimate the t o t a l  f a t  
in blood was that o f  STEWART and WHITE (1925) who 
have applied the h yd roly t ic  method o f  estim ation to 
small q u a n t i t ie s  o f  b lood.  The u t i l i s a t i o n  o f  th is  
method, with any degree o f  accuracy, w ith  the small  
amount o f  f a t  obtainable  from 2 c c .  o f  b lood,  was 
rendered p o s s ib le  by the introduction  o f  the Rehberg 
m ic r o -b u r e t t e , which d e l iv ere d  0*10 c c . o f  s o lu t io n ,  
and can be used f o r  t i t r a t i o n s  re q u ir in g  f r a c t io n s  
o f  that amount with at l e a s t  as great ^accuracy as 
i s  a t ta in a b le  with the 10 c c .  o f  the m a c ro -t i tra t io n .
2*0  c c .  o f  blood were added, with constant  
shaking to about 30 c c .  o f  a lc o h o l  ether mixture  
(three parts  a lc o h o l ,  one part ether)  in a 50 c c .  
standard f l a s k .  The mixture was brought ju st  to 
b o i l i n g  p o in t ,  cooled and made up to 50 c c .  with  
alcoh ol  e th e r .  A f t e r  thorough mixing, i t  was a l ­
lowed to s e t t l e  and 25 c c .  o f  the c le a r  supernatent  
l i q u id  were withdrawn fo r  a n a l y s i s .  A f t e r  evapo­
r a t io n  o f  the a lc oh ol  ether ,  5 c c .  o f  UaOH and 
5 c c .  o f  abso lute  a lc oh ol  were added, and the mix­
ture allowed to evaporate almost to dryness on the 
water bath, a process which occupied about 2 hours.  
A f t e r /
TOTAL FAT OF BLOOD.
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After hydrolysis, 5 g o . of —iL_ HOI were added to the
10
mixture. This exactly neutralised the whole of the 
sodium hydroxide, and liberated the fatty aoids 
which had been produced during hydrolysis. The mix­
ture was now evaporated down almost to dryness, and 
the residue extracted with boiling absolute alcohol, 
the washings being transferred to a 10 cc. volu­
metric flask, and made up to volume. 1 cc. of this 
final solution, corresponding to one-tenth of the 
amount of fat originally taken, was titrated with 
—  sodium hydroxide from the Hehberg burette. The 
sodium hydroxide used in the titration, must be free 
from carbonate. In these experiments, it was kept 
in a paraffined bottle provided with a syphon and 
tap, the air inlet being guarded by a soda-lime 
tower. In this way the standard HaOH was prevented 
from coming into contact with the air. The indi­
cator used was phenolpthalein, •£ cc. of *£5d/o in al­
coholic solution, and a correction was applied for 
the amount of indicator, volume of fluid, etc. The
correction factor was found by making lOcc. of —iL.
10
HOI up to 50 cc . with absolute alcohol in a volu­
metric flask, and titrating 1 cc. portions of the




"burette using the same concentration of phenolphtha- 
lein as in the fatty acid titrations.
It must he emphasised particularly that 
for these estimations of "blood fat, both the re­
agents and apparatus were accurately standardised. 
Thus if the hydrochloric acid he slightly helow 
or of slightly less than 5-0 cc. he added, the fatty 
acid will he incompletely liberated. Conversely, if 
acid he added in slight excess it will remain to he 
neutralised in the titration. In either case, appa­
rently slight variations may lead to serious errors, 
notwithstanding the subsequent dilution, since the 
volume of the titrating fluid is so small. All pre­
cautions were taken to ensure that the solutions 
used were kept in a state of purity, all being pro­
tected from the air. The alcohol used was re­
distilled from potassium hydroxide and the ether was 
re-distilled from sodium. As to apparatus, the same 
pipette was used to deliver the 5 cc. of IJaOH, and 
of HC1, great care and delicacy of manipulation be­
ing observed.
This method of STEWART and M I T E  has been 
criticised by STODDART and DRURY (192 9 ) on the grounds 









609 mg s . 2$
2 .  - $02 mgs. % 512  mgs. #
3* 609 mgs. % 612 mgs. J2
4 . (a ft e r  e x e rc ise ) 709 mgs. % 728  mgs. £
5 « (a ft e r  e x e rc ise ) 899 mgs* $ 911 mgs. %
6 . 686 mgs. % 686 mgs. %
7. 851  mgs. % 868 mgs. $
8 . (d ia b e t ic ) 708  mgs. % 722  mgs. %
alternative method based on filtration of the free 
fatty acid after neutralisation of the added sodium 
hydroxide. We, however, have found no difficulty 
in obtaining duplicate analyses on both blood and 
known solutions of pure tripalmitin, agreeing to 
within 5 per cent. In Table I I I .  are shown the re­
sults of some of these analyses.
Although STEWART and WHITE have shown the 
absence of any interfering substance such as aceto- 
acetic acid, and hydroxybutric acid etc., (present 
to an appreciable extent in pathological specimens 
of blood) in the alcohol-ether extract, it was rea­
lised that the phosphoric acid, produced by hydro­
lysis of the phospholipins of the blood, is titrated 
with the fatty acids.
To overcome this, a modification of the 
original STEWART and WHITE method, somewhat re­
sembling the method of STODDART and DRURY was in­
troduced. As before the fats were extracted from 
2 cc. of blood by 50 c c . of alcohol-ether mixture, 
and 25 cc. of the resulting clear solution used for 
analyses. After evaporating off the alcohol-ether,
5 cc. of ——  HaOH, and 5 cc. absolute alcohol were 
10
added and the mixture evaporated almost to dryness
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now added, and the mixture well shaken to ensure 
complete separation of free fatty acids. The fatty 
acids were liberated in a fine emulsion, coalescence 
of the fine particles was caused by warming and mix­
ing,, and the fatty acids were filtered off through 
a fat-free filter paper, the flask and paper being 
washed thoroughly three times with 1 cc. of 5 per 
cent sodium chloride solution. The filter paper and 
flask were now extracted with boiling absolute al­
cohol; the washings were made up to 10 cc. and 1 cc. 
portions titrated as before.
It was found that this method, which ob­
viously estimates nothing but total fatty acid, gave 
results consistently lower than the results obtained 
by the original STEWART and WHITE method. The d i f - • 
ference in the results given by the two methods is 
accounted for if the phosphoric acid of the phos- 
pholipins of the blood were present in the alcohol 
extract, and were titrating as a monobasic acid. In 
Table IV. are shown the results of fat estimations 
on samples of blood, by both methods, and also the 
fat equivalent to the lipoid phosphorus. These fi­
gures show how the difference in the results given 
by the two methods is accounted for by the lipoid 
phosphoric acid.
The/
The hlood.—fat estimations, in the experi­
ments described in this paper, were obtained using 
the original STEWART and WHITS method, and by simul­
taneously estimating the lipoid phosphorus contents 
of the bloods, a factor was subtracted in order to 
obtain the true fat contents. This procedure was 
found to be more convenient than the use of the modi­
fied bTEWARi and WHITS method, since the lipoid phos­
phorus contents of the bloods were being estimated 
in any case, for another reason.
ESTIMATION OP THE LIPOID PHOSPHORUS CONTENT OP BLOOD.
The lipoid phosphorus content of blood was 
estimated using the method described by BRIGGS (1924). 
In principle, the method consists of the formation of 
phospho-molybdic acid and its subsequent reduction 
by hydroquinone and sulphur dioxide, with the produc­
tion of a stable blue colour proportional to the a- 
mount of phosphorus present. The excess of molybdic 
acid is not reduced.
REAGENTS.
Molybdate Solution. Ammonium Molybdate in 5N.
sulphuric acid. 25 grams of Ammonium Molybdate were 
dissolved/
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dissolved in 300 co. water, and to this were added 
75 oc . concentrated sulphuric acid diluted with 
125 cc. water.
Hydroquinone Solution. A 1fo solution of hydroqui- 
none to which was added a drop of concentrated sul­
phuric acid to retard oxidation.
Sulphite Solution. A 20fo solution of Sodium Sulphite 
was used. The strength of the sulphite solution de­
teriorated on standing, hy oxidation, hut the amount 
used in colour development was sufficient, provided 
an easily detectable smell of sulphur dioxide was e- 
volved.
Stock KHpP04 Solution. This was prepared from pure 
KH2PO4 which had been previously pulverised and 
dried for several days over concentrated sulphuric 
acid. 4*394 grams were dissolved in 1000 cc. dis­
tilled water, and 5 cc. OHGI3 added as a preservative.
1 cc. =  1 mg. phosphorus.
Standard XHaPOd Solution. 100 cc. Stock Solution 
were diluted to 1000 cc. with water.
1 cc. =  0*1 mg. phosphorus.
Procedure. 2 cc. of the alcohol ether extract used 
in the estimation of blood fat, were transferred to 
a/
a large Pyrex test tube ( 6 X 1  inches) graduated, at 
25 cc. and 1 cc. of ION H^SO^, added. A glass bead 
was dropped in, and the mixture was heated over a 
micro-burner until fumes of SOg began to appear. The 
tube was allowed to cool for about a minute, and one 
drop of 30$ H2O2 (Perhydrol) added. Then the tube 
was covered with a watch glass to avoid loss of SOg, 
and was heated over the micro-burner for about 10 
minutes. After cooling, the contents of the tube were 
diluted with 18 cc. of distilled water. To a similar 
tube were transferred 0*1 cc. of standard KH^P04 so­
lution, 1 cc. of ION H2SO4 , and 17 cc. distilled wa­
ter. To each tube, were added 2 cc. of the molybdate 
solution and 2 cc. of the hydroquinone solution. The 
tubes were covered with small beakers and heated for 
half-an-hour in a boiling water bath. After cooling,
1 cc. of Sulphite solution was added to each tube, 
the contents were made up to 25 cc. and, after 15 
minutes, the colours were compared in a colourimeter.
Attention must be directed particularly to 
ensure complete ashing. Heating with sulphuric acid 
alone was continued until a large amount of charring 
had taken place. The oxidation of this charred car­




BLOOD SAMPLE LIPOID PHOSPHORUS
1 . 2 1 .7 , 2 1 .9
2 . 1 9 . 3 , 2 0 .0
3* 1 5 . 5 , l ? . l
4 . 1 8 . 8 , 19 ,0
5« 1 4 .6 , 14 .2
6 . 2 0 . 8 , I 9 .2
7- 1 6 . I , I 6 . 3
the hydrogen peroxide, and the subsequent heating 
for 10 minutes was direoted to decompose the excess 
peroxide, which, if present, would have interfered 
with the colour production. To ensure complete de­
composition of the peroxide, the tubes were heated 
as strongly as possible without loss of SO3 .
With due care as to ashing this method of
lipoid phosphorus estimation gave very good and con­
sistent results, duplicate analyses agreeing to with­
in 5 per cent, being obtained. In Table V. are 
given examples of the results obtained.
THE ESTIMATION Of TOTAL CHOLESTEROL.
Cholesterol and Cholesteryl Esters were 
determined in blood by the method of MYERS and 
WARDELL (1918).
For the estimation, 1 cc. of blood was pi­
petted on to 4 to 5 grams of Plaster of Paris in a
porcelain basin, and dried in a steam oven for 1 
hour. The dried mixture was powdered up and placed 
in a small all-glass extraction apparatus, and con­
tinuously extracted with 25 cc. chloroform for 2 





2 . 156, 156
3- 1 3 8 , 136
4 . (diabetic). 2 6 2 , 263
5« e 00 * 114
6 . 1 1 9 * 121
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chloride, filtered, and made up to 50 oc., colouri- 
metrio estimation “being then carried out as follows :- 
10 oc. of the chloroform extract were pipetted into 
a dry test tube, and 2 cc. acetic anhydride and 
0*2 cc. of concentrated sulphuric acid were added.
10 cc. of a standard solution of cholesterol were 
treated in the same way. After thorough mixing the 
tubes were allowed to stand for 15 minutes in a wa­
ter bath at 35°0. in the dark, so that the colour 
was completely developed, then the colours were com­
pared in a colourimeter.
This method estimates total cholesterol in 
blood and was found to give very accurate results, 
duplicate analyses agreeing exactly, being obtained. 
For normal blood, values ranging from 120 mgs.$ to 
160 rags,f 0 were found. (See Table VI.)
ESTIMATION OF SOAP IN BLOOD.
In order to estimate the amount of free 
fatty acids or simple soaps in blood, the method 
described in 1929 by STEWART and WHITE (1929), was 
employed. This method attacks, not the fatty acid 
part of the molecule, which is common to both soaps 
and/
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and fats, but to the metallic part whioh is peculiar 
to the soap. The usual alcohol ether extract of the 
blood was employed for estimating the soap. 2 cc. of 
blood were added drop by drop to SO cc. of a mixture 
of three parts alcohol and one part ether in a 50 cc. 
flask. The flask was shaken throughout the addition 
of the blood, and was then heated on the water bath 
until the ether began to boil. It was then cooled 
and made up to the mark with alcohol-ether mixture. 
After thorough rinsing the sediment was allowed to 
settle and 20 cc. of the supernatent liquor were pi­
petted off and filtered through a small plug of ether 
cleansed cotton wool into a silica beaker. The plug 
was washed with alcohol-ether and the washings run 
into the beaker. The contents of the beaker were e- 
vaporated to dryness on the water-bath (overheating 
being sedulously avoided) and the residue was thrice 
extracted with about 1 cc. of hot absolute alcohol. 
The combined extracts were evaporated to dryness in 
a hard glass test tube provided with silica clips to 
prevent bumping, and 0*5 cc. N/35Q H^S04 was added to 
the residue. The liquid was cloudy because of the 
presence of fats and free fatty acids and titration 





1 . 2 6 .8 2 7 .2
2 . 3 6 .1 3 6 .8
3* 48.0 4 8 .5
4. 3 2 . 7 33-8
5* 29*7 31-6
6 . 4 2 . 7 44 .2
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of saturated solution of pure sodium chloride and 
about 1 co. of pure light petroleum were added. Af­
ter standing over night in the ice chest, the liquid 
cleared and was titrated. Each estimation was car­
ried out in duplicate, and the difference between 
these titrations and the titration of 0*5 cc. of 
N/35O sulphuric acid showed the amount of acid 
neutralised by the metallic part of the soap mole­
cule. The indicator used was brom-thymol-blue.
The results of some specimen analyses and 
duplicate analyses are given in Table VII.
METHOD for ASCERTAINING the IODINE NUMBER of the
TOTAL RATTY AOIDS in BLOOD.
This method is that of Lie LURE and 
HUNTSINGER '(1928).
Blood was extracted with the usual mixture 
of alcohol and ether, 5 cc. blood being used for 
each total volume of 100 cc. 80 cc. of the clear ex­
tract were pipetted into a beaker of 250 cc. capacity 
and evaporated on the steam bath to the volume of a 
few cc. Then 15 cc. of redistilled alcohol and 
0*8 cc. of pure saturated sodium hydroxide solution 
were/
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were added, and the whole boiled for 10 to 15 minutes. 
Following this period of saponification, evaporation 
just to dryness was carried out on the steam bath. 
After cooling, the dry residue was extracted in the 
cold, with three portions, HO cc. each portion, of 
redistilled chloroform. Each portion of the chloro­
form was poured through a 7 cm. filter paper. This 
extraction completely freed the residue from choles­
terol, and left the soaps behind. The latter were 
next converted into fatty acids by adding 10 cc. 
redistilled alcohol, containing 15 per cent of the 
usual chemically pure 35 per cent hydrochloric acid. 
The whole was then boiled up for 10 to 15 minutes, 
after which the acid and alcohol were driven off by 
evaporation to dryness on the steam bath. The fatty 
acids were then extracted from the residue in the 
beaker by three extractions each with 10 cc. por­
tions of cold chloroform. The chloroform portions 
were decanted through the same filter paper as that 
used in separating the cholesterol, and were collec­
ted in a 100 cc. Enlenmeyer flask. The chloroform 
solution of fatty acids thus obtained, was evapora­
ted just to dryness. The fatty acids were next 
redissolved/
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redissolved in 1 ce. of chloroform in the flask, and 
E c c . of H M D S ' iodine solution were added. The 
flask was stoppered and its contents mixed by rota­
tion, and then placed in the dark for 1 hour. The 
unahsorhed iodine was determined by adding 0 5  oc. 
of a 15 per cent solution of potassium iodide, and 
10 cc. of distilled water, and titrating with 0»01 N 
thiosulphate of sodium solution, starch solution 
being used as an indicator. Three control flasks, 
containing 1 cc. chloroform and S cc. H M D S 1 iodine 
solution were r u n  with each determination. Also, at 
the same time, the strengths of the H M D S '  iodine 
solution and of the sodium thiosulphate solution were 
determined by the usual cross titration using a po­
tassium iodate solution. From the weight of the io­
dine bound by the fatty acid in this procedure, and 
the weight of the blood fatty acids found by the me­
thod of STEWART and WHITE, the iodine number was 
calculated.
HARDS' iodine solution.
13 *S grams iodine in 1000 cc. of glacial 
acetic acid with 3 cc. bromine added. The acetic a- 
cid must give no green colour with potassium chromate 
and sulphuric acid.
50*
Provided that the hydrogen ion concentra­
tion of the Blood and tissues is remaining constant, 
and that no alteration is occurring in the amount of 
lactic acid present in them, the respiratory quo­
tient is an indicator of the chemical substances 
undergoing oxidation in the body to provide the 
energy necessary for the requirements of the body. 
The use of the respiratory quotient for determining 
the nature of the fuel used during muscular exer­
cise, demands as a primary condition, that the body 
shall be in exactly the same condition at the be­
ginning and end of the measured period, except for 
the loss of fuel. There are many factors which 
operate to render difficult the utilisation of res­
piratory data for this purpose. In the intact ani­
mal, lactic acid may be removed from the working 
muscles by the blood stream, and there, it is at 
once neutralised chiefly by the sodium proteinate 
buffers present. This tends to raise the hydrogen 
ion concentration of the blood, and the balance can 
only be restored by the elimination of carbon di­
oxide via the lungs. This is aided by the 
stimulatory/
THE UTILISATION OF FAT BY MUSOLE.
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stimulatory effect of the increased, hydrogen ion con­
centration upon the respiratory centre. When it is 
remembered that, during the most severe muscular 
exercise, lactic acid is being set free at the rate 
of about 3 grams per second, and that this is equiva­
lent to displacing about 0*73 litres of carbon di­
oxide per second, it can easily be understood how 
this greatly accelerated output of carbon dioxide 
gives the respiratory quotient fictitiously high 
values. The overbreathing always associated with 
exercise, also increases the elimination of carbon 
dioxide and raises the value of the respiratory quo­
tient. So that even in moderate exercise, the mea­
surement of the respiratory quotient cannot be expec­
ted to give reliable information as to the type of 
metabolism going on in the body.
After cessation of exercise the respiratory 
quotient continues to rise at first owing to the car­
bon dioxide elimination diminishing more slowly than 
the oxygen intake (HILL, LONG and LUPTON. 1924) VYhen 
the exercise performed is severe, the production of 
lactic acid is so rapid that the lungs are unable to 
wash out the carbon dioxide as quickly as it is 
liberated, and consequently it accumlates in the 
tissues/
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tissues, w i t h  the result that immediately exercise 
is stopped, the increased elimination of carbon di­
oxide continues for a short time. Although the 
oxygen intake falls below its maximum value, it still 
remains high until all the lactic acid formed during 
exercise is removed during recovery. Further, as 
lactic acid is removed, it is necessary for the body 
to retain carbon dioxide to replace that which was 
previously eliminated, otherwise the tissues would 
become excessively alkaline. Consequently, while 
there is a high respiratory quotient for a short 
time at the beginning of the recovery period, in the 
later stages of recovery there is a retention of 
carbon dioxide as we l l  as a high oxygen intake, and 
a very low value for the respiratory quotient.
Considering, however, the whole process of 
exercise and complete recovery, i.e. return to the 
original values of oxygen consumption, respiratory 
quotient and blood lactic acid, carbon dioxide con­
tent and combining power, it is obvious that the 
factors which tend to raise unduly the respiratory 
quotient during exercise, are cancelled by those 
which tend to lower it during recovery. Even so, 
however, the conditionsbefore and after exercise may 
not/
not be strictly comparable, since even moderate exer­
cise involves the excretion of lactic acid, and it is 
not known how this excretion affects the urinary con­
tent of bicarbonate ions or the ammonia-urea ratio. 
Thus the lactic acid must either be excreted as the 
sodium or ammonium salt. If it is excreted as am­
monium lactate, the lactic acid takes with it, am­
monia which would otherwise have been excreted along 
with carbonic acid, as urea. Therefore, an amount of 
carbon dioxide equivalent to the lactic acid excreted 
would be liberated, and its effect upon the respira­
tory quotient would not be compensated during re­
covery.
Such factors as these, however, though they 
may introduce considerable errors in experiments of 
short duration where the gas volumes dealt with are 
small, cannot have a very great effect upon the lon­
ger experiments about to be described. The particu­
lar ones mentioned above, in fact, would tend to make 
the observed respiratory quotient higher, then the 
actual ones. Hence, although they, and others of the 
same kind may afford at any rate a partial explana­
tion of the very high respiratory quotients observed 
by BEST, FURUSAWA and RIDOUT (1929) in violent 
exercise/
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exercise of very short duration, they do not invali­
date the deductions drawn here.
All the data obtained from these experi­
ments w h i c h  are relevant to the points discussed in 
the following pages, are summarised in Table VIII.
The experiments are not arranged in any special se­
quence, but are tabulated in the order in w h i c h  they 
were performed. The excess oxygen consumption over 
basal requirements, due to the performance of the 
stated amounts of work, was obtained by subtracting 
the basal requirement of oxygen during the whole 
period of exercise and recovery, from the total oxy­
gen consumption. In the same way, the excess carbon 
dioxide production wa s  obtained and the excess res­
piratory quotient due to exercise and recovery was 
calculated. Since the performance of muscular exer­
cise does not increase protein metabolism above the 
basal level (Table II.) this excess respiratory quo­
tient must be due to the combustion of carbohydrate 
and f a t . F r o m  a table published by ZUliTZ and 
SOHUMBURG ( 1 9 0 1 ) ,  the amounts of carbohydrate and fat 
consumed during exercise and recovery, may be cal­
culated. Since the respiratory quotient due to the 
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0*707, the relative amounts of the two fuels are o b ­
tained, and the absolute amounts oaloulated from the 
oxygen consumption»
In figure II the amount of w o r k  performed 
by a number of subjects is plotted against the r e s ­
piratory quotient for exercise and recovery, at the 
end of wh i c h  the oxygen consumption, respiratory 
quotient, and carbon dioxide combining power of the 
blood had returned to normal. The figures used in 
constructing this curve were, of course those for 
the extra metabolism due to t h e  exercise. The vo l ­
umes of oxygen utilised and carbon dioxide produced 
by basal metabolism were subtracted from the total 
volumes for exercise and recovery, and the resulting 
figures were these due to the excess metabolism and 
gave the respiratory quotient for exercise and re­
covery.
W i t h  small amounts of work, (4000-5000 kg. 
Ms.) the excess respiratory quotient was at, or very 
near to 1*0 (in two cases values appreciably higher 
than this were obtained), but w i t h  increasing amounts 
of work, the respiratory quotient for exercise and 
recovery steadily fell. In spite of the fact that 
twelve individuals are represented in the curve, the 
proportionality/
proportionality between the amount of wo r k  performed 
and the respiratory quotient is definitely marked, 
and goes far to support the substantial truth of 
the figures. It is perhaps advisable to reiterate 
here that the rate at whioh the different subjects 
performed the w o r k  was nearly constant, the tension 
on the bicycle ergometer, and the rate of pedalling 
being kept as nearly constant as possible.
In three cases the respiratory quotient 
for small amounts of w o r k  was very much lower than 
was expected, a result which indicates, if the con­
clusions drawn later are justified, a much earlier 
usage of fat. In these cases there appears to be 
either a relative inability to utilise glycogen in the 
normal w a y  or a very low store of glycogen, and it is 
significant that all three are cases of diabetes melli- 
tus. Since the evidence in the literature (LUSK 3928)1 
indicates that in this condition the muscle glycogen 
is maintained long after the remaining stores are 
depleted, and since the cases reported here were 
under control, it is reasonable to conclude that the 
fault lay in the utilisation of carbohydrate rather 
than its lack. It is significant that glycosuria 
was not produced by the exercise. The cohclusion 
seems/
5 6  •
5 7 -
seems justified that although the muscles prefer 
carbohydrate as a fuel, they are fairly rapidly for­
ced to fall ba c h  on some other fuel of lower respira­
tory quotient, i.e. protein or fat.
As has already been mentioned, in no case 
did the results of urine analysis indicate any usage 
of protein, the excretion of nitrogen remaining un­
changed throughout the period of exercise and recove­
ry, and no greater than that of the previous basal 
period. (Table II.)
Usually, in fact, the urine secreted during 
the period of exercise and r e c o v e r y  contained rather 
less nitrogen than that for a corresponding basal 
period. This slight decrease, no doubt, is to be 
attributed to an increased elimination of nitrogen 
by the skin. In this, the experiments confirm the 
results of other workers.
There remains fat, which, therefore, one 
is forced to suppose is used by the muscles as a 
seoondary source of energy. The alternative hypo­
thesis, that the extra fat is not used by the working 
muscles, but is used in the basal processes, thereby 
liberating carbohydrate for use in the working muscles 
is disproved by a consideration of the amounts in­
volved in the experiments here described. Thus in 
one/
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of 0*96 was obtained for exercise and recovery, and 
the relevant data are as follows. This experiment 
has been chosen for illustrative purposes since, with 
the small amount of fat usage, it offers a less con­
vincing example than those experiments with lower 
excess respiratory quotients. (See opposite page.)
These data are obtained from Tables II and
VIII. In calculating the carbohydrate used in basal 
metabolism, it is necessary to obtain from the basal 
respiratory quotient, oxygen consumption, and nitro­
gen excretion, the non-protein respiratory quotient. 
This is found by subtracting from the basal oxygen 
requirement and carbon dioxide production, those vol­
umes due to the combustion of the observed amount 
of protein. The factors in the various calculations 
were obtained from LU S K  (19^8).
fr o m  this calculation it is evident that 
the energy available from the whole of the carbohy­
drate used during the period of exercise and recovery 
would not, if entirely directed to the use of the 
working muscles, obviate the necessity of their call­
ing upon fat.
The respiratory quotient, though it allows 
the deduction that fat is used as a fuel by the w o r k ­
ing muscles, gives no imformation on the far more 
vexed /
one experiment upon a respiratory quotient
59*
vexed question as to how the fat is used, whether 
directly, or only hy conversion to carbohydrate.
The controversy as to wh i c h  of these alter­
native routes is followed by the fat used in muscular 
exercise hinges largely on the problem of the rela­
tive efficiency of fat and carbohydrate. It is 
rightly argued that if fat is utilised by its direct 
oxidation, muscular efficiency should probably be 
unaltered w h e n  it replaces carbohydrate; on the 
other hand, utilisation only of carbohydrate derived 
from fat necessarily implies a loss of energy and 
therefore a decreased efficiency. Moreover the loss 
of efficiency should be the same for every indivi­
dual. In considering the magnitude of such a loss 
of efficiency one is faced with the difficulty that 
the conversion of fat to carbohydrate in the animal 
body has never been conclusively proved, and that 
these workers whose experiments have served to de­
monstrate the possibility of such a conversion, have 
thrown no light on the mechanism. The smallest 
wastage of energy, as has often been pointed out, 
would occur if the whole of the carbon of the fat 
molecule were converted into carbohydrate, and even 
then, some 25 fo of the total energy would be lost. 
Such/
6o.
-Such a complete transformation of fat to carbohydrate 
is very difficult to picture chemically, though it is 
intriguing to speculate as to the fate of the pairs 
of carbon atoms removed in the successive stages of 
B - oxidation. In the absence of any real knowledge, 
however, the difficulty of imagining such a change 
must be ignored, and the most favourable possible 
mode of conversion must be taken as the criterion in 
calculating the loss of efficiency to be expected.
The classical w o r k  of KRQGH and LIHDHARD, 
in vihich the maximum loss of efficiency was found to 
be 11$, is often cited as disproving the fat to car­
bohydrate hypothesis on the ground that greater 
losses (i.e. 25$) are to be expected. (LhATHES and 
RAPER, page 197.) The original authors, however, are 
more cautious, and merely state that their experi­
ments cannot be used as proof that fat is necessarily 
converted to carbohydrate before being utilised by 
working muscle. They regarded the usual methods of 
calculating the loss of efficiency from the conver­
sion of fat to carbohydrate as being too crude, and 
suggested as a possibility the addition to fat of 
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actually result, they thought in an increase of ef­
ficiency - forgetting, as BORSOOK and WINGARDEN 
(1930) have pointed out, that the carbon dioxide 
could only he produced at the expense of other re­
actions.
The change over from carbohydrate to fat 
as muscular fuel is, of course, not sudden and com­
plete. Even w h e n  the fat has become the prepondera­
ting source of energy, carbohydrate is still being 
used, though in diminishing amount. This is shown 
in figure III. in which the amounts of fat and car­
bohydrate used for various amounts of wo r k  and r e ­
covery are plotted against the amounts of external 
w o r k  performed. The figures for the amounts of fat 
and carbohydrate are calculated in the usual way 
from the excess oxygen consumption and respiratory 
quotient, wh i c h  has already been described. It is 
evident from the curve that, as the amount of work 
increases, the amount of fat used increases, but so 
also does the amount of carbohydrate. Even with a 
respiratory quotient of 0*80 carbohydrate is still 
being used; the respiratory quotieht is not simply 
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carbohydrate and the later exclusive use of fat.
The respiratory quotient for a complete 
period of exercise and recovery can never be that of 
fat alone except possibly in the case of a complete 
diabetic; and then only on the assumption that the 
diabetic cannot oxidise carbohydrate or lactic acid- 
it must always be either 1*0, or a mean result of 
the oxidation of both fat and carbohydrate. Hence 
the loss of efficiency is less, and with values of 
the respiratory quotient of 0*80 and over, very much 
less than the calculated 25 fo* ThU3 in one of the 
experiments here described;, the respiratory quotient 
and oxygen consumption showed the utilisation of 
56*8 grams of carbohydrate, and 21*56 grams of fat 
w i t h  a respiratory quotient of 0*86. A  simple cal­
culation shows the expected loss of efficiency to be 
only 11*5. In another, with respiratory quotient of 
0*92, 43*65 grams of carbohydrate and 6*27 grams of 
fat were used, and the calculated wastage of energy 
is 6*2 per cent.
In the experiments being described no loss 
of efficiency was observed when wo r k  was performed 
at the expense of fat. (Table IX). It is admitted 
that/
63.
that the experiments were not specially designed for 
the purpose of showing such a ohange in efficiency, 
and that in no case was a series of experiments 
undertaken upon the same individual with varying 
amounts of work and at varying respiratory quotients. 
Their original object was to find if any correlation 
existed between the amount of fat used in exercise 
and the change in the blood fat concentration. Uever- 
the less, since the conversion of fat to carbohydrate 
is a chemical process, and involves a definite wa s t ­
age of energy irrespective of individuals, it seems 
-f fair to suppose that any such wastage would be shown 
in the average results from a large number of sub­
jects. Since the subjects were not trained cyclists, 
the fact that only one experiment was performed up­
on each, was an actual advantage, for it eliminated 
any fallacy d^ue to their becoming more accustomed to 
the form of exercise, and so working with greater 
efficiency towards the end of the series. The num­
bers reported here, are not, it is true, large, but 
as they show no suggestion of wastage of energy wi t h  
the lower respiratory quotients, and as the distri­
bution in each series, short though it is, is nearly 
the/
64.
the same, it has been thought wo r t h  while to mention 
them.
They differ radically, of course, from 
those of KR O G H  and LINDHARh, and it seems possible 
that the difference may lie in the fact that all the 
subjects dealt w i t h  here, were on an ordinary mixed 
diet, while KROGH and LIEDHARD used high and low 
carbohydrate diets to obtain their variations in 
respiratory quotient. It appears to us that it is 
a fairer method to vary the respiratory quotient for 
exercise and recovery by changing the amounts of 
w o r k  performed, rather than by feeding unaccustomed 
diets which alone might quite well account for diffe­
rence in efficiency. Moreover, the rate of work in 
the experiments reported here, was much greater than 
in those of KR O G H  and LINDHARD. It might also be 
conveniently stated here, that it does not appear to 
be in harmony w i t h  other works of nature that the 
human body, wh i c h  is constructed to be able to per­
form enormous quantities of wo r k  in emergencies, 
should do so in a decreasingly efficient manner.
A  wastage of energy in the utilisation of 







fIV. Relationship between the amount of work and
the oxygen consumption for work and recovery. 
The continuous line represents the volume of 
oxygen expected if there is no wastage con­
sequent upon the utilisation of fat. The 
dotted line represents the oxygen consump­
tion calculated on the basis of a 30$  wastage 
for the conversion of fat to carbohydrate.
The points represent the experimentally 
determined values.
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efficiency, "but also in another way. The wastage, if 
fat is converted to carbohydrate, is due to some such 
process &s loss of hydrogen, which is oxidised to 
w a t e r . Thus in the most favourable conversion;—
2057h 106°6 + 4702 =  I9G5H 10 A 3 + H H g O .
(glyceryl-oleo-stearate)
The utilisation by the muscles of one gram of glycogen 
derived from fat, demands, according to this equatioi; 
the consumption of 1*099 litres of oxygen, instead of 
the 0*828 litres required by the glycogen itself, - 
an oxygen wastage of 31*5 per cent. On the other 
hand, the direct utilisation of fat involves no loss 
of oxygen, and the curve showing oxygen consumption 
per calorie of wo r k  done, is simply that of the calo­
rific value of oxygen calculated by ZtTNTZ mid 
SCHUMBURG (1901). These two curves for the consump­
tion of oxygen per calorie of wo r k  done, obtained 
from these experiments, are shown in Figure IV. The 
continuous line represents the oxygen used for the 
direct utilisation of fat, the dotted line that for 
the conversion of fat to carbohydrate. In those 
curves allowance is made for the simultaneous use of 
carbohydrate, the relative amounts of the two fuels 
being calculated on the basis of Figure III- The 
experimentally/
experimentally determined values are also shown in 
Figure IV, and, although there is a certain amount of 
scattering, due to the employment of many different 
individuals, it is evident that by far the closer 
approximation is given by the curve corresponding to 
direct utilisation of fat. In the curves, as in the 
table of efficiencies, are included the results from 
the three diabetic subjects, and it is interesting to 
note that in spite of their abnormally low respira­
tory quotients, with, therefore, the utilisation of 
abnormally high proportions of fat, they show no 
deviation from the normal efficiency.
Though no finality is, of course, claimed 
for these results, they tend very definitely to op­
pose the view of the necessary conversion of fat to 
carbohydrate prior to its utilisation by the working 
muscles, and to support the view that fat and glyco­
gen are alternative fuels, although the latter ap­
pears to be used preferentially.
The theoretical need for a conversion of 
fat to carbohydrate has, indeed, been greatly weaken­
ed by the recent wo r k  on creatine phosphoric acid, 
and the discovery of the ability of muscle to work 
when all production of lactic acid has been inhibited
*y/
6 7 .
by poisoning wi t h  iodoaoetio acid, which appears to 
show how the break down of glycogen to lactic acid 
can no longer be regarded as essential in muscle co n ­
traction. Even if the glycogen-lactic acid cycle be 
considered essential, it may well be that fat, by its 
direct oxidation, is capable of sparing lactic acid, 
leaving more for resynthesis to glycogen, and so con­
serving the supplies of carbohydrate. Pointing in 
this direction is the finding, in severe diabetes, 
that muscular exercise involves no oxidation of car­
bohydrate. (GRAPE and SALOMON. 19SS), that the muscles 
nevertheless hold tenaciously to glycogen (RINGER,
D U B I N , and PRANKED, 19ai), and that in partial dia­
betes at any rate, exercise involves the breakdown of 
glycogen to lactic acid just as in normal cases. 
(HIMWIOH, LOEBEL and BARR, 19B4.)
It is perhaps worth pointing out that if the 
diabetic organism cannot oxidise carbohydrate, and can­
not convert fat into carbohydrate, (the evidence con­
cerning w h i c h  has already been discussed,) and that 
fat metabolism is the same in the diabetic as in the 
normal organism as far as hydroxybutyric acid, then if 
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he must do so after the stage of hydroxybutyric acid 
has b e e n  reached. In other words, of a fat molecule 
containing some fifty-three atoms of carbon, only 
twelve, or fifteen if the glycerol is included, can 
be available for glucose synthesis. But if hydroxy- 
butyric acid goes to sugar, the most probable course 
is:- first oxidation to acetaldehyde wh i c h  can then 
undergo aldol condensation. Hence of fifty-three 
atoms, nine may appear as carbohydrate.
In these experiments now being described, 
sufficient data is furnished to enable calculation to 
be made of the amount of external wo r k  w h i c h  could 
possibly be accomplished (i) when fat is oxidised 
directly and spares lactic acid, and (ii) when fat is 
first converted to glycogen, and the glycogen alone 
is used.
The results of these calculations in a con­
siderable number of cases, show that the observed and 
calculated amounts of w o r k  agree closely when fat is 
taken to be directly oxidised, but that the observed 
amount of w o r k  could not possibly have been done at 
the expense of glycogen derived from fat. These 
results are summarised in Table X .
In/
¿9-
In calculating the amounts of work possible 
by each method of utilisation of fat, the mean effi­
ciency of all the experiments was used for each sub­
ject. Since a considerable variation in efficiency 
was found, this accounts for the fact that in one or 
two of the experiments shown in Table X. a greater 
amount of work appears to have been done, than would 
be possible on the observed amount of fuel burned.
If the particular efficiency for each subject had 
been used instead of the mean value, this, of course, 
wo u l d  not have occurred. It is important that, w i t h ­
out exception, the amount of w o r k  performed could not 
possibly have been done at the expense of glycogen 
derived from fat. It will be noted, that when the 
amount of wo r k  performed is small, the difference b e ­
tween the two calculated amounts of work is not 
marked, but wi t h  greater amounts of work, owing to 
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THE VARIATIONS IN  BLOOD FAT IN 
MUSCULAR EXERCISE.
The re s u lts  of blood a nalysis  (Ta b le  X I) 
show that the m a jo rity  of normal subjects do experi­
ence some increase in  the blood f a t ,  when, under 
fa s tin g  co n d itio n s, they perform  work in  excess of 
approxim ately 8000 to 10,000 kilogram  metres. Th is  
f ig u re  is  very approximate, since the exact poifct at 
which the r is e  in  blood fa t  occurs depends to a con­
side ra ble  extent on the ra te  at which the work is  
performed. Ta b le  X I g ives ty p ic a l re s u lts  of blood 
a n a ly s is . The experiments on normal subjects (A ) 
show th a t the r is e  in  blood fa t  does not occur in  
every case (e .g .  C .P .S .,  D .S . ) ,  when i t  does occur, 
i t  is  tra n s ie n t, and haB disappeared at the end of 
the recovery p e rio d .
PATTERSON ( 1 9 2 6 ) observed th a t d ia b e tic  
subj ects almost in v a ria b ly  showed a f a l l  in  the 
blood f a t ,  even with the r e la t iv e ly  small amounts of 
work they were able to perform . A l l  h is  d ia b e tic  
su b je cts , however, had i n i t i a l l y ,  an abnormally high 
blood f a t ,  a state  of a f fa irs  which is  u su a lly  pre­
sent in  th is  disease. The experiments summarised in  
Tabl§/
71 -
Ta b le  X I B show, however, th a t th is  f a l l  in  the blood 
fa t  produced by exercise, is  c h a ra c te ris tic , not 
of diabetes m e llitu a , but of the in c id e n ta l high 
blood fa t  le v e l.  I t  occurred in  a number of subjects 
whose fa s tin g  blood fa t  was abnormally h ig h , but «ho 
were, apparently, he alth y in  a l l  other respects. More­
over, in  two d ia b e tic  cases (Ta b le  X I C ), w ith  basal 
blood fa t  not much above the normal le v e l, exercise 
produced a sm all, but d e f in ite  increase, more e a s ily  
than in  normal su b je cts . Bor, probably, is  i t  mere 
coincidence, th a t in  one case the converse appeared 
to h o ld , and th a t a h ealthy subject w ith  an abnormal­
l y  low fa s tin g  blood fa t  le v e l showed an abnormally 
great increase a fte r  a moderate amount of work (Ta b le  
X I D ). These cases lead to the conclusion that the 
blood fa t  content tends to reach the normal le v e l
before i t  chows the increase u s u a lly  given by healthy
in d iv id u a ls . T h is  p re lim in a ry  change takes place 
under the in flu e n ce  of moderate work, d e f in ite ly  be­
low the amount required to produce a change in  the 
blood fa t  content of subjects whose basal blood fa t 
is  w ith in  the normal range.
These experiments in  which the subject per­
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the f i r s t ,  demonstrate (Ta b le  X I I )  that a r is e  in  the 
blood fa t  is  more e a s ily  obtained durin g  the second 
period than d uring  the f i r s t .  Th is  p oint is  of im­
portance as emphasising the necessity of obtaining 
basal co nd itio n  before s ta rt in g  the exercise i f  coat* 
parable re s u lts  are to be obtained from a series of 
experiments on normal in d iv id u a ls . I t  also tends to 
support the contention that the increase in  blood 
fa t  during  exercise is  in  soma way connected w ith  
the u t i l is a t io n  of fa t  by the muscles. There can be 
no doubt th a t at the commencement of the seoond 
period of exercise the body stores of glycogen have 
been somewhat depleted, and hence the muscles -  i f  
they can use fa t  -  must c a l l  fo r  fa t  ear liea^ though 
only s l ig h t ly  so, than in  the f i r s t  p e rio d . I t  is  
a t le a s t a s t r ik in g  coincidence.
The re s u lts  so fa r  described confirm  the 
statement th a t muscular exercise is  accompanied by 
an increase in  the blood f a t ,  though they show that 
th is  is  not an in v a ria b le  r e s u lt .  I t  was desired 
however, to f in d  in  what constituents of the to ta l 
blood fa t  th is  increase occurred. The analysés 
(Ta b le s  X I & X I I I )  showed the increase la y  so le ly  
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co n d itio n s, forms a ve ry  email p a rt of the to ta l 
blood l ip o id s  (CKANNON and COLLINSON I 9 2 9 ) .  While 
the t o ta l  f a t t y  acids increased, the l ip o id  phos­
phorus and the ch o le ste ro l showed, e ith e r no change 
or only small inconstant v a r ia tio n s . The fre e  fa tty  
acid (soap) content of the blood remained unaltered, 
and though th ere  was p o ssib ly  an increase in  the 
amount of e s te rif ie d  c h o le s te ro l, any such increase 
was q u ite  incapable of accounting fo r  the observed 
increase in  the to ta l  f a t ty  a c id s . F igures in  sup­
p o rt of th is  statement are given in  Table  X I I I . ,  
which is  based on the ra t io  of e s te rif ie d  to unesterl- 
f ie d  ch o le ste ro l given by CHANSON and CQLLIHSON 
( 1 9 2 9 ) .  F in a l ly  since PATTERSON* £ f ig u re s  were 
obtained by the use of the o r ig in a l STEWART and 
WHITE method i t  is  im portant to note th a t exactly 
s im ila r  re s u lts  are obtained as in  the experiments 
here described, by use of the modified method, which 
estimates only f a t ty  acids and does not include phos­
p h o ric  a c id . Otherwise the apparent increase in  the 
blood fa t  d urin g  exercise might conceivably have 
been regarded as due merely to an a lte re d  state of 
d is s o c ia tio n  of the p h o sp h o -lip in s .
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the blood fa t  before and a fte r  exercise, might be 
expected to g ive  inform ation regarding  the source of 
the extra fa t  poured out in to  the blood stream during 
prolonged muscular exercise. I f  the fa t  is  being 
withdrawn from the l i v e r ,  an increase in  the degree 
of unsaturation  is  to be expected since the l i v e r  
fa t  is  h ig h ly  unsaturated. On the other hand, the 
fa t  in  the adipose tissu e  consists p r in c ip a lly  of a 
m ixture of o le ic  and s te a ric  g ly c e rid e s , so that i t  
is  r e la t iv e ly  less unsaturated than l iv e r  f a t ,  and 
contains about the same amount of unsaturated fa tty  
acid as does the blood fa t  i t s e l f .  M ixture of fa t 
from adipose tis s u e  w ith  the blood fa t would there­
fo re  have l i t t l e  or no e ffe ct upon the iodine number.
The iodine  number of the blood fa t before 
and a fte r  exercise was found in  a number of oases 
(Ta b le  X IV ), and although i t  was found to be very 
v a ria b le  fo r  d if fe re n t  subjects, i t  a lte re d  only very 
l i t t l e  in  the same subject w ith  exercise , and in  no 
case d id  i t  show a r is e .  Th is  suggests very strong­
l y  th a t the source of the blood fa t  poured in to  the 
blood stream in  response to stim u la tio n  by exercise, 
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THE VARIATION OF THE BLOOD-FAT 
DURING MUSCULAR EXERCISE.
Those experiments in  which blood f a t  e s t i­
mations were made d uring  the performance of work 
showed a curious re s u lt  which u ltim a te ly  shed l ig h t  
on the marked in d iv id u a l v a r ia t io n  and apparently 
hap-hazard responses obtained in  previous experiments 
I t  appeared th a t instead of the blood fa t  s te a d ily  
in cre a sing  d uring  exercise, i t  f i r s t  rose and then 
f e ll*  T h is  r e s u lt  was obtained in  a considerable 
number of in d iv id u a ls , and ty p ic a l cases are shown 
in  F ig u re  V . When the re s u lts  of 16 experiments were 
p lo tte d  together as a composite curve, i t  appeared 
th a t a c tu a lly  there was a r is e  in  the blood fa t  f o l ­
lowed by a f a l l  and then a second rise* (F ig u re  V I ,  
dotted curve)* Moreover the re s u lts  obtained from 
n e a rly  a l l  the previous experiments could be f it t e d  
to th is  curve. C ertain  exceptions were noted, as 
when the ra te  of work d iffe re d  markedly from that 
u s u a lly  employed, or when the subject had an abnormal 
re s tin g  blood f a t .
The shape of the composite curve had been 
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in  F ig u re  V by the fa o t th a t only three points were 
obtained. To te s t whether the exception to th is  com­
p o s ite  curve were r e a lly  due to the one observed 
v a r ia t io n  in  experimental technique -  the ra te  of 
work -  a second series was undertaken in  which the 
subjects worked at a ra te  of 1 , 1 0 0  k ilogram  metres 
per m inute, instead of the 900  k ilogram  metres which 
had p re v io u s ly  been the r u le .  The re s u lts  of the fa t 
determ ination from th is  series f e l l  on a second com­
p o s ite  curve (smooth l in e  in  F ig u re  V I )  of exactly 
the same shape as the f i r s t ,  but showing the changes 
in  the blood fa t concentration to take place a fte r a 
sm aller amount of work than p re v io u s ly .
These v a ria tio n s  in  the blood fa t were, of 
course, e n t ire ly  unexpected, and could not be corre­
la te d  w ith  a s te a d ily  increasing  consumption of fa t 
by the working muscles. Yet experiment had shown 
th a t such a s te a d ily  increasing  consumption of fa t 
d id  indeed e x is t. (F ig u re  I I I ) .  I t  became necessary, 
th e re fo re , t® discard the simple suggestion that the 
increase in  blood fa t  during exercise was a d ire c t 
response to a demand by the muscles fo r  an alternative 
f u e l,  consequent upon the u t i l is a t io n  of glycogen. 
A tte n tio n  was thus d ire cte d  to the discovery of some 
stim ulus which could act as a connecting lin k  between 
thq/
the two phenomena. The production of la c t ic  acid had 
suggested i t s e l f  as a possible  causative fa cto r in  
the r is e  of blood f a t ,  which at th a t tim e, was a l l  
th a t had been observed. For ease of measurement, 
the carbondioxide combining power of the blood had 
been determined in  a l l  samples. The re s u lts  of these 
analyses showed at f i r s t  somewhat ir re g u la r  decreases 
in  the carbon d io xid e  combining power of the blood 
d uring  exercise, but i t  was only when blood samples 
were analysed during  the course of exercise that any 
re a l re la tio n s h ip  between the blood fa t and the car­
bon d io xid e  combining power was observed. I t  then 
tra n sp ire d  th at the carbon dioxide  combining power, 
instead of f a l l in g  s te a d ily  w ith  increasing amounts 
of work to the a cidosis  le v e l,  follow ed a course 
which was roughly the re c ip ro c a l of that followed by 
the blood f a t .  (F ig u re  V) A composite curve of a l l  
the re s u lts  obtained, ju s t  as in  the case of the 
blood fa ts , was sinuous, showing a f a l l ,  followed by 
a p a r t ia l  recove ry, and only then a steady progress 
sion to the a cidosis  le v e l.  (F ig u re  V I ) .
The second series of experiments in  which 
blood samples were drawn during the progress of ex­
e rc is e , showed a composite curve of exactly the 
same character as the f i r s t  (F ig u re  V I ) ,  again, how­
ever, as in  the case of the blood fa t  concentration 
thq/
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the f a l l  occurred at an e a r lie r  period of the work. 
Moreover, in  both series the f a l l  in  the oarbon d i ­
oxide combining power preceded the r is e  in  blood f a t ,  
and i t s  p a r t ia l  recovery preceded the f a l l  in  blood 
f a t .  I t  is  im possible at present to say whether 
th is  time re la t io n  between the curve of carbon d i ­
oxide combining power and that of the blood fa t con­
ce n tra tio n  has any re a l s ig n ific a n c e . I t  is  none 
the less  suggestive th a t i t  in d ica te s a causative 
re la tio n s h ip  between the two phenomena. Formation 
of la c t ic  acid w ith  consequent d e p le tio n  of the a l ­
k a l i  reserve of the blood would in d ic a te  a depletion 
of the glycogen stores of the body. I t  might w e ll 
be th a t the s lig h t  change in  the hydrogen ion con­
ce n tra tio n  of the blood thus produced, would stimu­
la te  the pouring out of fa t from the depots. Since 
the fa t  in  the depots e xists  as a water in  o i l  
emulsion, and th a t of the blood as an o i l  in  water 
emulsion, any s lig h t  v a r ia t io n  in  hydrogen ion con­
ce n tra tio n  would be s u ff ic ie n t  to a l t e r  the e q u ilib ­
rium  between the two systems. Knowledge on th is  
subject is  at present so s lig h t  that to pursue th is  
hypothesis fu rth e r without experimental evidence, 
would be u n p ro fita b le . I t  is ,  none the less,., an 
in te re s tin g /
79-
No explanation is ,  as y e t , forthcoming to 
account fox th e  temporary recovery in  the carbon d i ­
oxide combining power of the blood as exercise pro­
gresses* P r io r  to t h is , th is  phenomenon has not been 
described. I t  seems improbable th at i t s  cause is  due 
to a decreased production of la c t ic  a c id , though, of 
course, th is  is  not im possible. More probably i t  
may be due to the s h if t  of c h lo rid e  ions from the 
plasma in to  the corpuscles. Such a s h if t  is  known to 
take place under other circumstances (VAN SLYK3£ 
1 9 2 1 ) and is  of an order of magnitude s u ffic ie n t to 
account fo r  the change in  a lk a li  reserve found in  
these experiments.
F u rth e r, i f  the ra te  of work be greater 
than about 1 ,2 0 0  kilogram  metres per minute, the pr©» 
lim in a ry  temporary changes in  the blood carbon d i ­
oxide combining power do not occur and the w e ll 
known acidosis le v e l of exercise is  q u ick ly  reached.
interesting speculation.
8o
S U M M A R Y .
I .  When normal healthy men performed muscular 
work on an ergometer b ic y c le  a t rates 
va ry in g  from about 800  to  1 * 2 0 0  kilogram  
m etre» per m inute, the blood fa t  u su a lly  
rose a fte r  about 8 ,0 0 0  kilogram  metres of 
work had been done.
II. The appearance of the increase in  the blood 
f a t  concentration appeared e a r lie r  w ith  
gre a te r rates of work.
I I I .  A fte r  recovery from a f i r s t  period of work, 
a second period produced a r is e  in  the 
blood fa t  more e a s ily  than usual.
IV . A h ig h  fa s tin g  blood fa t  in  normal or d ia - 
b e tic  subjects led to a p re lim in a ry  f a l l  
when work was performed} an abnormally 
low blood fa t  was increased by r e la t iv e ly  
small amounts of work.
V . T h is  a lte ra tio n  in  the blood fa t  was con­
fin e d  to the simple g ly c e rid e  fra c tio n , 
and the extra  fa t  was probably derived 
from  the adipose tissu e .
8 l.
V I» Continuance of work led  to a re tu rn  of the 
hlood fa t  towards normal (a t  about 1 8 ,0 0 0  
to 21*000 Kg. H . ) ,  and la t e r  to a second 
r is e .
V I I .  The carbon d ioxide combining power of the 
blood during muscular work of th is  type 
followed a course which was roughly the 
re c ip ro c a l of the blood f a t ,  but the 
changes in  the carbon dioxide combining 
power preceded those in  the blood f a t .
V I I I .  The re s p ira to ry  quotient fo r  exercise and
recovery was u n ity  fo r  amounts of work up 
to about Kg* an<* th e re a fte r f e l l
s te a d ily  w ith  increasing amounts of work.
IX . A na lysis  of the re s p ira to ry  qu otie nt, oxygen 
consumption, and nitrogen e xcretion, show- 
ed th a t p ro te in  was not used fo r  work* 
th a t carbohydrate continued to be used 
throughout, though in  decreasing amounts, 
and th at fa t  was used in  increasing 
amounts.
8 2 .
X. There was no re la tio n s h ip  between the tsti~ 
l is a t io n  of fa t and the changes in  the 
blood fa t  concentration.
X I .  No dim inution in  e ffic ie n c y  was observed at 
the lower re s p ira to ry  quotients, and no 
wastage of oxygen occurred.
X I I .  The fig u re s  obtained enabled several calcu^ 
la t io n s  to be made concerning the mode of 
u t i l is a t io n  of fa t  in  muscular exercise, 
but in  no way did  they suggest that fa t  is  
converted in to  carbohydrate.
X III*  D ia b e tic  subjects, though performing work a t 
a lower re s p ira to ry  quotient than normals, 
showed no less e ff ic ie n c y , and no wastage 
of oxygen.
XIV. A m o d ifica tio n  of the STEWART and WHITE 
( 1 9 2 5 ) method fo r  the estim ation of blood 
fa t  is  described.
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T h e  m e ta b o lis m  o f th e  fr o g ’s iso la te d  h e a r t . B y  A. J. Cl a r k , 
R . Ga d d ie  and C. P. St e w a r t .
The respiratory quotient of the frog’s isolated heart was measured. 
A  modified B arcroft manometer was used similar to that described by 
C la r k  and W h ite  (J. Physiol. 66. 185. 1928); 4 c.c. Mf 20 NaOH 
was placed a t the bottom  of the bulb, the changes in conductivity were 
measured, and the carbon dioxide production was thus calculated. In 
addition the following chemical estimations were made: glycogen 
content of hearts (modified S la t e r  and K e r m a c k  method); sugar 
content of perfusion fluid ( H a g e d o r n - J e n s e n  method); nitrogen 
content of perfusion fluid (m ic ro -K je ld a h l method); fa t content of 
heart ( S t e w a r t  and W h it e  method).
In  a series of experiments in which the hearts were perfused with 
R inger’s solution for 24 hours the following average figures were obtained: 
tota l oxygen use about 3 c .c .; respiratory quotient 0-84. The glycogen 
content after perfusion was 0-2 p.c., which is about one-third of the normal 
content. This corresponded to a glycogen loss of about 0-5 mgm., and 
about 0-4 mgm. sugar passed into the perfusion fluid. In some cases the 
sugar excreted was greater than the estimated glycogen loss. The actual 
glycogen loss corresponded to an oxygen consumption of less than 
0-4 c.c., which is about one-eighth of the oxygen consumed b y  the heart. 
A b ou t 0-3 mgm. nitrogen was excreted which corresponded to an 
oxygen consumption of nearly 2 c.c. The fa t content of perfused hearts 
(4-73 p.c.) was nearly the same as the fat content of control hearts 
(4-84 p.c.). H earts perfused w ith frog’s serum showed respiratory 
quotients and glycogen losses similar to those shown b y  hearts perfused 
w ith R inger’s solution.
The chemical analyses and the measurements of the respiratory 
quotient together indicate th at less than one-quarter of the material 
oxidized b y  the frog’s isolated heart is carbohydrate. No evidence has 
been obtained for the oxidation of fats b y  the heart, hut there is evidence 
th a t protein is broken down, and in some cases the figures suggest that 
the heart can form sugar from protein.
X X II .— T h e  M e ta b o lis m  o f  th e  F r o g ’s  I s o la te d  H e a r t . B y  P r o ­
fe s s o r  A . J. C la r k , M.D., C. P . S t e w a r t ,  M.Sc., Ph.D., and 
R . G a d d ie , B.Sc.
(MS. received July 22, 1930. Read July 7, 1930.)
T h e o r ie s  regard in g  th e chem istry of the contraction process in  striped 
m uscle h ave been revolutionised durin g the last year. The H ill-M eyerhof 
th eory  w as based on the assum ption th at the contraction process was 
due to the liberation  of lactic acid b y  the break-dow n of glycogen, a 
n on -oxidative reaction, and th at the recovery process consisted in the 
oxidation  of p a rt o f the lactic acid and the resynthesis of g lycogen  from  
the rem ainder. M eyerhof now  believes (1 , p. 305) th at contraction is 
produced b y  the break-dow n of creatin-phosphoric acid (phosphagen), and 
th a t the en erg y  produced b y  carbohydrate break-dow n is utilised to 
resynthesise phospbagen.
T he tw o  m ost im portan t im plications of this th eory  are as follows-’ 
In  the first place, the break-dow n of phospliagen to creatine and phos­
phoric acid m ust result in increased a lk a lin ity . In  the second place, 
since carbohydrates are assumed to p lay  a secondary role in the con­
traction  process, there is no reason w h y  other substances should not act 
eq u ally  w ell as sources of energy, hence this th eory  of the chem istry of 
m uscular contraction provides no a p r io r i  reason for assum ing th at fats 
and proteins are converted to carbohydrates before being utilised as 
sources of en ergy for m uscular contraction. This new  theory of muscular 
contraction has been derived from  experim ents on skeletal muscle, and 
it  is in terestin g  to consider its application to the contraction process in 
cardiac muscle.
T he C o n tractio n  P rocess in  th e  H e a r t .
T h e fo llo w in g  facts have been established regarding the energy 
exchange of heart m u scle:—
(1) T he am ount of o xyg en  consumed and en ergy released are determined 
chiefly  b y  the in itia l length  of the heart muscle fibres. A n  approxim ately 
lin ear relation  betw een heart volum e and o xygen  consumption has been 
dem onstrated in the fro g ’s heart (C lark  and W hite (2, 3), Eism ayer 
and Q uincke (4)), and in the dog’s heart-lung preparation (S tarlin g  and 
V isscher (5), H em in gw ay and Fee (6)).
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(2) The resistance again st w h ich  the h eart contracts has re la tive ly  
litt le  influence on the o xyg en  consum ption; b u t the heart is not a 
convenient preparation on w hich  to m easure accu rate ly  such relations 
(C lark  and W hite (3)).
(3) The potential en ergy released by the contraction process is som e­
w h at less than h a lf the en ergy equivalen t of th e o xy g en  consumed 
(C lark  and W h ite (3)).
(4) The contraction process in the heart can occur in the absence of 
oxygen, for m any w orkers have shown th a t a fro g ’s heart, i f  deprived of 
o xygen  but perfused w ith  a lkalin e solution, w ill continue to function 
for m an y hours (Bachm ann (7)).
(5) The heart muscle w hen it  contracts under anaerobic conditions 
form s lactic acid, and th is acid, i f  i t  is allow ed  to accum ulate, paralyses 
the heart (K atz  and L on g (8), B,edfield and M edearis (9), A rn in g  (10), 
B oyland  (11)).
These results are in accordance w ith  the facts kn ow n  about the 
en ergy exchange in  sk eleta l muscle, and su ggest th a t the fundam ental 
contractile process in the tw o  typ es of m uscle is sim ilar.
Experim ents b y  C la rk  and W h ite  (2 and 3) showed, how ever, th a t cardiac 
m uscle differs from  sk eleta l m uscle in a t least tw o im portan t respects.
(1) The resting m etabolism  of cai'diac m uscle is about one-fifth  of 
the m etabolism  durin g m oderate a c tiv ity . I t  am ounts to about 0 5  c.c. 
oxygen  per gram  per hour, w h ich  is about tw e n ty  tim es the correspond- 
ing figure for fro g ’s skeletal m uscle (M eyerhof (12 )). T h is difference is one 
w hich is to be anticipated  from  the difference in fun ction  of the tw o  
types of muscle. Most sk eleta l m uscles often rem ain a t rest fo r m any 
hours a t a tim e, and hence a low  restin g m etabolism  in  sk eletal m uscles 
represents an im portant econom y for the body. T h e heart, how ever, 
never rests, therefore restorative  processes m ust proceed continuously, 
and hence a h igh  resting m etabolism  is to be expected.
(2) C ardiac muscle is inhibited  b y  acid  m uch more easily  th an  is 
skeletal muscle. T his difference explains w h y  the heart has less pow er 
than skeletal muscle to incur o xyg en  debt. There is adequate ev i­
dence th at acid m etabolic products are form ed in  absence of oxygen , 
and th at these rap id ly  paralyse the heart, w hereas sk eleta l m uscle can 
contract in  presence of much h igh er concentrations of acid.
W ith  regard  to the chem istry of th e heart, th is  contains a considerable 
store of g lycogen  (0 3  to 0-5 per cent.) and a significant content of other 
carbohydrates (B oyland  (11)). The heart contains a re la tiv e ly  large am ount 
of organic phosphates, and its lecithin  content is h igh er th an  th a t of
m ost other tissues, but the phosphagen content of heart muscle is only 
about one-tenth th at of sk eletal muscle (E ggleton and E ggleton (13))- 
T his low  phosphagen content m akes it  probable th at the a c tiv ity  of 
heart m uscle depends p rim arily  on some other compound. M eyerhof (14) 
a lread y  has show n th a t the contraction process in crustacean muscles 
depends not on phosphagen, b u t on arginin  phosphoric acid.
T h e  M etabo lism  of th e  F ro g ’s H e a r t .
T h e authors studied the m etabolism  of the isolated heart of the frog- 
under v a ry in g  conditions. The o xyg en  uptake and carbon dioxide con­
sum ption w ere measured, and analyses of the hearts and of the 
perfusion fluids w ere m ade (C lark, Gaddie, and S te w art (15)). W e 
com menced w ith  the sim plest system , nam ely, the heart perfused w ith  a 
fe w  c.c. of R in ger’s solution w hich  contained no glucose. W e found th at 
th e heart lost carbohydrates, but th at part of these w ere excreted into the 
R in ger’s fluid, and th a t the am ount oxidised w as fa r  too sm all to account 
fo r  the to ta l o xy g en  consum ption of the heart.
Control experim ents showed th at the average content of fresh frogs’ 
hearts w a s: g lyco gen  0’55 per cent., total carbohydrates T 3 per cent. 
A fte r  24 hours’ perfusion the g lycogen  w as reduced to about one-third, 
and the to ta l carbohydrates to about one-half. These figures indicate 
th a t a fro g ’s heart o f 0 2  gm. lost about 1'3  mgm. carbohydrate during 
24 hours’ perfusion. A bou t 0'4 mgm. carbohydrate could, however, be 
recovered from  the perfusion fluid, and therefore the net carbohydrate 
loss w as about 0 9  mgm. T h is q u an tity  of carbohydrate corresponds to 
an o xyg en  consum ption of about 0 6 c.c. The heart, however, used from  
4 to 5 c.c. o f o xy g en  during 24 hours’ perfusion.
T he heart m ust therefore burn either fa t  or protein. The analysis 
o f fa t  in sm all am ounts of tissue presents great technical difficulties, but 
our an alyses have failed  to show an y difference in the fa t  contents of 
hearts or of serum  perfused through the hearts before and after 
perfusion.
A n a lys is  o f the perfusion fluids showed th at nitrogen w as excreted 
and th a t the nitrogen excretion persisted after m any hours’ perfusion. 
T h is last point is im portant, because an in itial nitrogen excretion m ight 
h ave been due to the w ashing out from  the heart of soluble nitrogen 
compounds. The to ta l nitrogen excreted during 24 hours w as about 
0'33 mgm. T he protein equivalent of this q u an tity  of nitrogen would 
be oxidised b y  about 2 c.c. o f oxygen, w hich is about one-half of the 
q u a n tity  of o xy g en  a ctu a lly  used b y  the hearts. Continuous m easure­
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ments of the resp iratory  quotient over 24 hours show ed th a t the 
respiratory quotient w as about 0'82. T h is va lu e agrees w ell w ith  the 
hypothesis th a t th e isolated heart burns ch iefly  proteins together w ith  
a sm all am ount of carbohydate.
I t  is of course possible th a t the proteins are converted to  carbohydrate 
and are used in  th is form, b u t our experim ents do not provide evidence 
either fo r  or again st th is hypothesis.
C a r b o h yd r a t e  M eta b o lism  in  th e  H e a r t .
S tarlin g  and Evans (16) found th at the isolated h eart-lu n g preparation 
of the dog used re la tiv e ly  litt le  carbohydrate, for its R.Q. w as as low  as 
0'85. These experim ents w ere done before the d iscovery  of insulin, and 
much recent w ork  has been done to determ ine the influence of insulin on 
the sugar consum ption and on the R.Q. of the heart-lung. The average 
o xyg en  consumption of the h eart-lu n g preparation w as about 3 c.c. per 
gram  per hour, w hich is equivalent to 4'3 m gm . of glucose per gram  per 
hour.
C ru icksh an k (17) m ade extensive experim ents on the sugar consum ption 
of the norm al and diabetic hearts o f th e dog. W hen no insulin  w as present, 
i.e. w hen a diabetic heart w as perfused w ith  diabetic blood, he found th at 
there w as p ractica lly  no sugar usage. W hen a norm al h eart w as perfused 
w ith  norm al blood the su gar usage w as o n ly  2 mgm. an hour, b u t w hen 
excess of either insulin  or sugar w as added, the su gar usage rose to about 
5 mgm. an hour, a q u an tity  w hich  corresponded to the to ta l o xy g e n  con­
sum ption ; and fin ally , w hen excess of both insulin  and glucose w ere present, 
the sugar used w as from  8 to 12 mgm. per hour. In  th is  la tte r  case there 
also w as evidence of g lyco gen  storage.
Bayliss, M uller, and S ta rlin g  (18) studied the influence of insulin  on the 
R.Q. and showed th a t addition of excess of insulin  and sugar caused the 
R.Q. to rise to betw een 0'9 and 0’95. These resu lts indicate, therefore, 
th a t the consum ption of glucose b y  the tissues more or less fo llow s the 
law  of mass action and is increased w hen th e insulin  and the glucose 
concentration in  the perfusion fluid are both increased. W hen the am ount 
of sugar taken  up is greater than the am ount w hich th e h eart can consume, 
then the excess is stored as glycogen.
These experim ents show th a t under certain conditions the m am m al’s 
heart can use glucose freely , b u t it  is necessary to em phasise th e fa ct  th at 
the conditions needed are abnormal. The quantities o f insulin  introduced 
in the experim ents m entioned w ere h igh  enough to have produced hypo- 
glfemic convulsions in the intact anim al, and th e quantities of su gar
perfused w ere fa r  above the norm al and in the in tact anim al w ould have 
produced glycosuria . These experim ents, therefore, do not provide much 
direct evidence regardin g the behaviour of the normal heart.
W e have not y e t  found the conditions necessary to enable the isolated 
h eart of the fro g  to oxidise carbohydrates in preference to proteins. 
H earts have been perfused w ith  the fo llow ing m ixtures : R in ger’s fluid plus 
glucose (50 to 100 m gm . per c e n t.); R in ger’s fluid plus glucose and insulin; 
R in ger’s fluid and fro g ’s serum plus glucose and insulin. (The blood-sugar 
content of fr o g ’s serum  w as found to be about 40 mgm. per cent.)
T h e g lyco gen  content of the heart w as found to decrease rap id ly  during 
the first six  hours’ perfusion, and we have as y e t  found no means of 
ch eckin g th is break-dow n. A n alysis  of the perfusion fluids also showed 
litt le  evidence fo r  sugar consumption. U nder no conditions did the sugar 
usage appear to rise above about 0'03 mgm. per heart per hour. This 
corresponds to  an o xyg en  use of about 0’02 c.c. per heart per hour, whereas 
th e actual o xy g en  consumed w as about 0'2 c.c. A  stu d y  of the R.Q. before 
and a fte r  the addition of glucose and insulin to the perfused heart also 
g a v e  uncertain  results. The R.Q. appeared to rise s lig h tly  (from  0'85 to 
0'9), b u t no m arked  change occurred.
The isolated fro g ’s heart is therefore less read ily  affected b y  the 
presence of excess of glucose and insulin than is the isolated dog’s heart. 
Possib ly  the difference is due to  a difference in  the tim e relation. Excess 
of insulin  in  the dog can produce hypoglycsem ic convulsions in a couple of 
hours, w hereas th is effect is on ly  produced after 24 hours in  the frog. The 
fact, how ever, th a t th e fro g ’s heart continues to beat in  such a satisfactory 
m anner w ith ou t usin g  m uch carbohydrate does suggest th at the heart 
under norm al conditions probably oxidises not only carbohydrates but also 
other substances.
In  addition, w e noted th a t the addition of glucose to the perfusion fluid 
did not increase the tota l o xygen  consumption of the heart, and it  actually  
shortened the life  of the excised heart. Isolated frogs’ hearts when 
perfused w ith  a sm all am ount of R in ger norm ally survived  for 48 hours, 
but w hen 0T per cent, glucose w as added the hearts regu larly  died in 
about 24 hours. T h e isolated heart of the frog, therefore, behaves lik e  
a d iabetic tissue, but it  does not appear to be benefited b y  insulin. I t  is of 
course possible th a t some essential factor is lacking, but th is factor is not 
supplied b y  the addition of serum.
I t  is in teresting to note th at our results w ith  the fro g ’s heart accord 
w ith  recent results obtained w ith  minced skeletal muscle. Rothschild (19) 
found w ith  th is system  th at the addition of glucose did not raise the
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o xyg en  consum ption in  the case of sum m er frogs, a lth o u gh  it  did raise the 
o xyg en  consumption in the case of w in ter frogs, and insulin  w as found to 
have no effect on the respiration  either in  th e absence or presence of 
sugar.
C o n clu sio n s.
The stu d y of the m etabolism  of the isolated heart o f the fro g  show s 
th at the pow er of th is tissue to use carbohydrates is v e ry  lim ited. E ven 
in the presence of serum, glucose, and insulin, the carboh yd rate consum ption 
onty represents a sm all fraction  of its to ta l m etab o lism ; m oreover, the 
respiratory quotient u su a lly  is low er th an  09.
The isolated heart loses sm all quantities o f nitrogen, and if  th is n itro­
gen is the product of protein break-dow n, the q u an tity  of n itrogen excreted 
is sufficient to account for about h a lf the o xyg en  consumption.
Estim ations of fa t  provide no evidence for consum ption of fats 
either in the heart or in serum perfused th rou gh  the heart. W e conclude, 
therefore, th a t the isolated  fro g ’s heart uses proteins and, to a lesser 
extent, carbohydrates as sources of en ergy. T h is typ e  of m etabolism  
resem bles the m etabolism  of am phibian em bryos, w hich consume the 
fo llow in g percentages: carbohydrates 7 ; proteins 7 1 ;  fa ts  22 (N eedham  
(20)).
Estim ations of g lycogen  and the stu d y of the R.Q. o f th e em pty heart 
provide no evidence th a t the heart builds up g lyco gen  from  protein. 
D uring the first few  hours of perfusion the heart loses m ore th an  tw o- 
thirds of its glycogen, but we h ave discovered no means w h ereb y  th is .loss 
can be prevented or g lycogen  storage be prom oted. The results obtained 
w ith  the fro g ’s heart show  a considerable resem blance to the results 
obtained w ith  the dog’s heart-lun g preparation, b u t in  the latter prepara­
tion carbohydrate consumption and g lycogen  storage are both increased 
when glucose and insulin are both present in  excess, w hereas w e have 
hitherto  failed to produce these effects in the fro g ’s heart.
Experim ents on the m am m alian heart-lung, w ith ou t addition of insulin, 
and on the isolated fro g ’s heart agree in  show in g th a t such preparations 
use v e ry  little  carbohydrate. A  possible explan ation  is th a t such p re­
parations la c k  some u n kn ow n factor essential for norm al carbohydrate 
metabolism. The ease w ith  w h ich  these preparations u tilise non­
carbohydrate sources o f en ergy certa in ly  accords w ith  the hypothesis th at 
the m etabolism  of carbohydrate is not the p rim ary process th a t produces 
m uscular contraction.
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